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1.0  INTRODUCTION 


The  objective  of  this  program  is  to  upgrade  the  crack  growth  prediction 
methodology  required  for  the  implementation  of  the  damage  tolerance  and  dura- 
bility control  procedures  throughout  the  life  cycle  of  any  weapon  system.  To 
accomplish  this  objective,  a program  consisting  of  the  following  three  phases 
is  being  conducted. 

Phase  I - Identification  of  controlling  damage  parameters 

Phase  I I - Development  of  predictive  methodology 

Phase  III  - Experimental  verification 

Phase  I of  this  program  has  just  been  completed.  In  phase  I,  three 
interrelated  tasks  were  performed.  The  first  task  was  to  conduct  an  evalu- 
ation of  the  state-of-the-art  of  currently  used  methods  for  analyzing  fatigue 
crack  growth  behavior  under  flight -by- flight  loading.  The  evaluation  used 
experimental  data  generated  from  work  sponsored  by  the  U.S.  Air  Force  since 
1972,  and  other  available  test  data  as  an  experimental  data  base.  The  second 
task  was  the  development  of  a general  methodology  for  characterizing 
flight-by- flight  loading  such  that  the  cycle-by-cycle  crack  growth  analysis 
could  be  eliminated.  To  aid  in  the  formulation  of  the  methodology,  an  experi- 
mental testing  program  was  conducted.  The  third  task  was  to  establish  guide- 
lines for  development  of  three  levels  of  crack  growth  analysis  - detail 
design  analysis,  individual  aircraft  tracking,  and  preliminary  design 
analysis. 

Phase  II  will  also  contain  three  tasks.  Task  II-l  is  the  development  of 
life  prediction  methodology  for  detailed  crack  growth  analysis.  The  improved 
methodology  will  be  capable  of  predicting  spectrum  loading  effects  commen- 
surate with  current  cycle- by-cycle  capability.  A computer  program  which 
implements  this  technology  will  be  developed.  In  task  1 1 -2,  a methodology  for 
parametric  crack  growth  analysis,  which  is  sensitive  to  change  in  usage  of 
mission  mix  for  use  in  an  individual  aircraft  tracking  program  in  the  force 
management  stage  of  a weapon  system  will  be  developed.  A computer  program 
which  can  be  installed  on  a remote  access  or  interactive  terminal  will  be 
developed  to  implement  the  tracking  technique.  Task  1 1- 3 is  to  develop  meth- 
odologies for  incorporating  the  principle  of  damage  tolerance  requirements 
into  the  preliminary  design.  In  this  task,  a crack  growth  calculation  method- 
ology will  be  developed  and  incorporated  into  the  existing  Air  Force  prelimin- 
ary design  program,  STEP.  In  addition,  "handbook”  methods  for  evaluating 
spectrum  variation  effects  in  the  preliminary  design  stage  will  be  developed. 
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In  phase  III,  baseline  spectra  for  a fighter  and  a transport  aircraft 
and  variations  of  each  spectrum  will  be  generated.  In  addition,  different 
mission  mixes  for  each  of  the  baseline  flight-by- flight  load  histories  will 
be  developed.  Crack  growth  behavior  predictions  for  each  case  will  be  per- 
formed. An  experimental  program  will  then  be  conducted  on  cracked  2219-T851 
aluminum  panels  using  the  developed  load  histories.  Test  results  will  be  cor 
related  to  the  analytical  predictions. 


2.0  STATE-OF-THE-ART  METHOPS 


2.1  im'RODUCTION 


The  currently  issued  durability  and  damage -tolerance  requirements  ^ 
levied  on  the  weapon  systems  that  are  presently  in  operation  or  under  develop- 
ment have  necessitated  the  advancement  of  analytical  methods  to  predict  growth 
behavior  of  cracks  or  crack- like  flaws  contained  in  structures  under  flight 
spectrum  loading.  A review  and  evaluation  of  presently  used  methods  is  deemed 
necessary  in  order  to  establish  the  most  accurate  crack  growth  analysis  proce- 
dure that  is  within  the  state-of-the-art  and  yet  is  cost  effective. 


In  the  state-of-the-art  methods  evaluation  task,  efforts  have  been  devoted 
to  review  and  evaluate  the  primary  elements  for  the  performance  of  a fatigue 
crack  growth  analysis,  using  the  deterministic  approach,  which  include: 

1.  Crack  growth  rate  relationships 

2.  Load  interaction  models 

3.  Damage  accumulation  techniques 

4.  Geometrical  considerations 


The  criterion  for  evaluating  each  of  the  state-of-the-art  methods  classi- 
fied as  the  deterministic  approach,  was  the  predictive  accuracy  of  analysis  in 
comparison  with  the  test  data.  Experimental  data  generated  from  the  work 
sponsored  by  the  U.S.  Air  Force  were  used  for  the  evaluation  (3  through  6). 

The  results  of  the  reviews  and  evaluations  are  presented  in  this  section. 

Since  fatigue  crack  growth  predictions  involve  considerable  statistical 
variability  which  is  primarily  attributed  to  (1)  the  statistical  nature  of 
sen^ice  loads  experienced  by  the  aircraft  structures,  and  (2)  the  inherent 
crack  grCTvth  rate  variability  of  materials,  using  a probabilistic  approach 
to  predict  crack  growth  is  a natural  result.  Various  probabilistic  approaches 
to  fatigue  crack  growth  predictions  have  been  proposed  in  the  literature 
(7,8,  and  9.).  A brief  review  of  those  approaches  has  been  conducted. 

2.2  CR^CK  GROtvTll  R.\TC  RELATIONSHIPS 

2.2.1  A BRIEF  REITEIV 


Historically,  fatigue  crack  growth  data  generated  in  various  test  programs 
viiere  often  recorded  in  the  form  of  crack  gro;vth  measurements  and  the  corre- 
sponding cycle  counts.  The  relationship  between  the  crack  size  a.  and  the 


Refer  to  Section  6.0. 


number  of  applied  cycles  n.  can  then  be  represented  as  a crack  growth  curve 
drawn  through  the  raw  data  points.  Figure  1 shows  a typical  crack  size  versus 
number  of  cycle  plot.  However,  this  type  of  crack  growth  curve  is  not 
directly  applicable  for  the  crack  growth  behavior  prediction,  since  it  only 
represents  the  growth  behavior  of  a specific  crack  configuration  under  a 
specific  loading  condition.  To  make  use  of  these  growth  data,  it  is  conven- 
ient to  formulate  a fatigue  crack  growth  rate  equation  (sometimes  incorrectly 
called  a crack  growth  law). 

Fatigue  crack  growth  rate  relationships  given  in  the  literatures  take  a 
variety  of  forms.  In  general,  the  instantaneous  rate  of  change  of  crack  length, 
or  approximate  to  it,  the  slope  of  the  growth  curve;  i.e., 

da  ^ Aa 

an 

was  chosen  as  the  dependent  variable  in  a crack  growth  rate  equation. 

The  independent  variable  selected  in  most  crack  growth  rate  equations 
v/as  intended  to  account  for  parameters  which  influence  the  fatigue  crack 
growth  behavior.  These  include  the  crack  size,  a;  maximum  stress,  Cmaxl 
stress  ratio,  R = cfmin/'^maxJ  ^nd  others  such  as  environment,  temperature,  T, 
and  frequency,  f.  In  a general  form,  the  fatigue  crack  growth  rate  equations 
are  expressed  as 

f(a,  R.  Env.,  T,  t ) 

The  following  paragraphs  briefly  describe  some  of  the  rate  equations 
developed  to  date.  Several  of  them  are  not  really  considered  to  be  the 
state-of-the-art.  They  are  included  here  only  for  historical  background. 

Tlie  first  crack  growth  law  which  drew  wide  attention  was  the  one  pro- 
posed by  Head  in  1953(10).  The  mechanism  proposed  by  Head  considered  a 
rig id -plastic  work -hardening  element  at  the  crack  tip  and  elastic  elements 
over  the  remaining  body.  Head's  law  may  be  written  as 


da  ^ 

dN  ‘ (C^  - Aa)  /IT 


CD 


where  C]^  is  a constant  which  depends  on  the  strain- hardening  modulus, 
modulus  of  elasticity,  yield  stress  and  fracture  stress  of  the  material,  Aa 
is  the  stress  range,  is  the  size  of  the  crack  tip  plastic  zone,  and  C? 
is  the  yield  strength  of  the  material. 
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Numerous  crack  gro^rth  laws  of  this  type  have  been  proposed  and  published 
in  the  literature  in  the  1950 's  and  early  1960’s.  These  include  the  Frost’s 
and  Dugdale's  lawCH)  and  the  Liu's  lawi^^^.  Frost's  and  Dugdale's  law  can  be 
written  as; 


da  _ o^a 

3n  c 


r2) 


where  a is  the  applied  stress,  a is  the  crack  length,  and  C is  an  experiment 
constant , 


Liu  argued  that  the  mean  stress  is  of  secondary  influence  and,  using  a 
model  of  crack  extension  employing  an  idealized  elastic -plastic  strain  diagram 
and  a concept  of  total  energy  absorption  to  failure,  Liu's  rate  equation  is: 


da  _ „ 2 
dN  ^ 


(3) 


Based  on  a method  of  analysis  of  static  strength  of  plates  with  a crack, 
McEvily  and  IllgClS)  proposed  a crack  growth  theory  as: 


where  Kj,;  is  the  stress  concentration  factor,  and  %et  ^^e  net  area  stress 
at  the  cracked  section. 

McEvily  and  Illg  have  empirically  obtained  the  form  of  the  function: 

(i)  = Vnat  - . 3,  C 

' ' N net 

The  first  fatigpe  crack  growth  rate  equation  which  is  now  widely  used  was 
developed  by  Paris,  (1*^)  Employing  a linear  eleastic  fracture  mechanics  con- 
cept, Paris  formulated  a crack  growth  rate  model  in  the  late  1950's.  The 
Paris  model  assumes  that  the  intensity  of  the  crack- tip  stress  field,  as 
represented  by  K,  should  control  the  rate  of  crack  extension;  i.e., 

I = 


From  the  data  of  7075-T6  and  2024-T3  aluminum  alloy  plates,  Paris 
suggested  the  following  equation  as  the  crack  propagation  law; 

f =CCAK)' 

where  AK  = K - K . is. the  range  of  the  stress  intensity  factor, 
max  min  ^ ^ 
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In  general,  the  Paris  power  law  has  the  following  form: 


The  Paris  crack  growth  rate  model  results  in  a straight-line  presentation  on  a 
double- logarithm  chart.  The  exponent  n corresponds  to  the  reciprocal  slope  of 
the  straight  line,  and  the  constant  C is  a growth  rate  intercept  corresponding 
to  a unit  value  of  AK. 

It  was  observed  that  as  the  maximum  cyclic  stress  intensity  approaches 
some  critical  value,  K^,  the  growth  rate  increase  beyond  the  linear  behavior. 
To  accommodate  the  K(3  influenced  crack  growth  rate,  Forman,  et  al^^^^^  expanded 
the  simple  Paris  power  law  to: 


^ _ CfAKl'^ 


fb) 


dN  Cl  - - AK 


The  values  of  C and  n are  similar  to  those  in  the  Paris  equation  but  are  not 
numerically  equal. 

As  more  and  more  test  data  generated  under  constant -amplitude  loading  at 
different  stress  ratios  became  available,  fatigue  crack  growth  rates  seen  to 
be  obviously  dependent  on  the  stress  ratio.  To  incorporate  the  effect  of  stress 
ratio  such  that  all  constant -amplitude  data  of  various  stress  ratio  may  be 
represented  by  a single  curve.  Walker introduced  the  idea  of  the  effective 
stress,  a,  defined  as: 


where  m is  an  empirical  constant  that  depends  upon  the  material.  In  terms  of 
the  effective  stress,  the  fatigue  crack  growth  rate  equation  can  be  written  as: 


^ = fcay^)  = fCAK) 


Thus,  if  the  Paris  rate  equation  is  used  as  a base,  one  has; 


I = C(5K]" 


r 

C (1  - R)"'k 
L max  J 
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To  fomulate  da/dN  in  terms  of  aK,  and  adapt  the  threshold  aK  concept, 
the  fatigue  crack  growth  rate  equation  becomes: 


da 
dN  " 


Cl  - 


AK  > ^ 

R < R R = R 

- cut  _ 

R > R , , R * R * 
cut  cut 


j da  - 

55  ■ 


(V 


Equation  7 is  identified  as  the  Rockivell  equation  in  this  report. 


Crack  growth  data  for  many  materials  showed  the  characteristics  of  the 
sigmoidal  curve  when  plotting  da/dN  vs  aK  on  the  log- log  chart.  Collipriestt^^^ 
formulated  a rate  equation  as: 


where  aK^j^  is  the  threshold  stress  intensity  factor  range. 

To  fit  the  crack  growth  rate  data  generated  from  an  Air  Force  sponsored 
work,  Hall,  et  developed  a crack  growth  rate  equation  (identified  as 

the  Boeing  equation)  in  the  form: 

^ - C(Kfjiax  ^ k^th^  (AK)^  (9) 


where  is  the  peak  cyclic  stress  intensity  factor,  is  the  peak  cyclic 

threshold  stress  intensity  factor,  and  c,  a,  and  n are  curve- fitted  constants. 

(4) 

Bell,  et  al  , proposed  a crack  growth  rate  equation  (identified  in  this 
report  as  the  Grumman  equation)  as  follows: 


S * c [d  • qRlAK]", 
where  q is  an  empirical  constant. 


R 1 R 


'CUt> 


R = R 


^ RcUt  r R “ ^Ut 


(10) 


This  rate  equation  is  a modified  version  of  Elber's  equation(l^) , which 
accounts  for  the  overload  retardation  effect  for  a variable-amplitude  loading. 


For  the  analysis  of  elevated  temperature  fatigue  crack  growth  data, 
especially  for  engine  components,  Annis,  et  developed  an  interpola- 

tive  model  which  is  based  on  a hyperbolic  sine  equation  as 
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log  [da/dN)  = q sinh  (C2[log  AK  + C3])  + C4  (11) 

where  the  coefficients  are  empirical  functions  of  test  frequency  (f) , stress 
ratio  (R) , and  temperature  (T) : 

= material  constants 

C3  = f3(C^,f,R) 

= f^Cf.RJ) 

As  the  equation  suggests,  this  model  was  aimed  to  be  used  to  describe  the 
effects  of  four  fundamental  parameters  which  influence  the  crack  growth  at  ele- 
vated temperatures:  frequency,  temperature,  stress  ratio,  and  load  excursion  effects. 

A three -component  model  based  on  adding  the  material's  resistance  to 
fatigue  crack  growth  in  the  total  region  of  log  (da/dN)  versus  log  (AK)  was 
proposed  by  Hudak,  et  alC^O),  -phe  characteristic  equation  describing  the 
crack  growth  rate  is  given  by 

1 ^ ^7  "^2 

1 = — ^ ^ (12) 

(da/dN)  ('iyjTip  [(l-R)K^]’^2 

where  Ap,  A2,  np,  n2,  and  are  constants  that  can  be  determined  experimentally. 
The  three  terms  in  Equation  12  corresponding  to  the  three  regions  of  crack 
growth  rates:  region  I,  low-growth  region;  region  II,  intermediate -growth 
region;  and  region  III,  high-groivth  region.  For  materials  that  do  not 
exhibit  region  III,  or  if  growth  rates  are  not  characterized  in  that  region, 
the  last  term  in  Equation  12  is  set  to  zero.  Notice  that  if  is  set 
equal  to  zero.  Equation  12  reduces  to  Paris  equation  in  region  II. 


2.2.2  CRACK  GROVmi  RATE  DATA  CORRELATIONS 

To  evaluate  the  state-of-the-art  of  fatigue  crack  growh  rate  relation- 
ships, baseline  crack  growth  rate  data  generated  from  selected  Air  Force 
sponsored  work  were  correlated.  The  correlation  was  performed  by  using  a 
crack  groivth  analysis  computer  program,  EFFGRO,  developed  in-house  at 
Rockwell.  Appendix  A of  Reference  22  described  the  EFFGRO  program  in  detail. 

Fatigue  crack  growth  rate  equations,  developed  from  two  previously  Air 
Force  sponsored  works,  were  used  in  the  correlation  study.  They  are  the 
Boeing  equationf^)  and  the  Grumman  equation  (modified  Elber  equation) . '^4) 

The  original  EFFGRO  program  anployed  only  the  Rockwell  equation.  It  has 
been  modified  to  provide  the  option  for  selecting  any  of  these  three  rate 
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equations  in  the  analysis,  such  that  a one-to-one  comparison  can  be  achieved 
in  the  evaluation.  In  order  to  present  a broad  cross-section  view  for  this 
correlation  study,  two  sets  of  2219-T851  aluminum  alloy  baseline  crack 
growth  data  generated  separately  by  the  Boeing  Aerospace  Company  and  Grumman 
Aerospace  Corporation  were  correlated  thoroughly.  The  Boeing  baseline  data 
were  generated  from  part-through  crack  (PTC)  specimens  while  the  Grumman 
data  were  obtained  from  compact  type  (CT)  or  center  cracked  panel  (CCP) 
specimens.  In  addition  to  aluminum  alloy,  baseline  data  of  other  two- 
material  families  were  chosen  for  correlations.  These  were  the  Ti-6A1-4V 
titanium  alloy  and  the  9Ni-4Co-0.2C  steel  alloy.  The  reason  for  choosing 
different  material  families  in  the  correlation  study  was  to  investigate 
whether  those  crack  growth  rate  equations  are  applicable  for  most  of  the 
commonly  used  airframe  materials. 

Crack  growth  rate  constants  of  different  materials  corresponding  to  the 
three  aforementioned  growth  rate  equations  used  in  the  correlation  study 
were  those  documented  in  the  referenced  reports.  Table  1 summarizes  the 
growth  rate  equations  and  the  corresponding  growth  rate  constants  for  all 
the  materials  correlated.  The  static  and  fracture  properties  of  those 
materials  were  also  summarized  and  are  presented  in  Table  2.  Detailed 
descriptions  of  each  of  the  baseline  crack  growth  rate  data  generation  pro- 
grams are  summarized  in  Appendix  A for  references. 

Analytical  predictions  obtained  from  the  EFFGRO  program  were  plotted 
against  the  growth  data  in  "crack  size"  versus  "number  of  cycles"  format 
for  each  of  the  test  cases  in  the  first  and  second  quarterly  reports  of  this 
program. and  24)  Typical  examples  of  such  plots  are  presented  here  for 
illustration  purposes.  Figures  2 through  4 and  6 through  8 are  the  plots  for 
2219-T851  aluminum  alloy  baseline  crack  growth  data  generated  from  Boeing 
test  program  and  Grumman  test  program,  respectively.  Similar  plots  for 
Ti-t)Al-4V  titanium  alloys,  either  beta  annealed  or  mill  annealed,  as  well 
as  the  9Ni-4Co-0.2C  steel  alloy  are  shown  in  Figures  10  and  11,  13  and  14, 
and  16  and  17,  respectively.  From  those  figures,  it  can  be  seen  that  in 
general,  the  analytical  predictions  correlate  with  the  test  data  rather  well. 

For  the  purpose  of  evaluation,  a predictability  index  fejSD , which  is 
defined  as  the  ratio  of  the  predicted  life  (Np^ed^  tested  life  (N^est) 

for  each  of  the  correlated  cases,  has  been  calculated.  Tables  3 through  7 
provide  the  summary  of  M values  for  all  the  baseline  crack  groxvth  rate  data 
correlated.  Results  shown  in  these  summary  tables  indicate  that  each  of  the 
growth  rate  equations  and  the  corresponding  rate  constants  developed  from 
the  referenced  test  programs  can  be  truly  used  to  characterize  the  crack 
growth  behavior  under  the  constant  amplitude  loading  for  the  batch  of 
materials  tested.  It  also  demonstrates  that  the  stress  intensity  factor 
solutions  and  the  numerical  integration  technique  enployed  in  the  EFFGRO 
program  are  very  reliable  since  the  original  development  work  conducted  in 
those  referenced  research  programs  did  not  use  EFFGRO  in  the  calculations. 
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For  further  illustration,  histograms  of  the  number  of  correlations 
versus  the  predictability  index .i?  = Np^e^^est  groups  cor- 

related were  constructed.  They  are  as  shown  in  Figures  5,  9,  12,  15,  and  18 
for  Boeing  2219-T851  aluminum,  Grumman  2219-T851  aluminum,  Boeing  6A1-4V 
beta  annealed  titanium,  Grumman  6A1-4V  mill  annealed  titanium,  and  Boeing 
9Ni-4Co-0.2C  steel,  respectively. 


2.2.5  CROSS -CORRELATIONS  OF  BASELINE  CRACK  GROWTH  DATA 

Baseline  fatigue  crack  growth  data  of  2219-T8S1  aluminum  alloy  generated 
by  the  Boeing  Aerospace  Company (3)  and  Grumman  Aerospace  Corporation  t4)  (Appen- 
dix B)  were  cross-correlated.  The  objective  of  the  cross-correlation  is  to  assess 
tlie  predictive  accuracies  when  different  fatigue  crack  growth  rate  equations 
and  the  corresponding  growth  rate  constants  were  employed  in  the  analytical 
predictions  for  one  batch  of  material.  Again,  the  EFFGRO  program  was  used 
in  the  performance  of  analytical  predictions.  Three  different  fatigue  crack 
growth  rate  equations  (Boeing,  Grumman,  and  Rockivell  equations)  were  selected 
for  the  cross -correlations.  These  three  equations  and  the  corresponding 
growth  rate  constants  used  in  the  analytical  predictions  are  shown  in  Table  1. 

The  corresponding  static  and  fracture  properties  are  listed  in  Table  2. 

Figures  19  and  20  show  t>pical  results  of  the  cross -correlations  on 
Boeing  2219-T851  aluminum  alloy  baseline  crack  growth  data.  The  crack  growth 
beliaviors  predicted  by  using  different  rate  equations  were  plotted  against  the 
test  data.  Since  there  is  essentially  no  difference  between  the  results  pre- 
dicted by  the  Rocla^ell  and  Grumman  equations,  only  the  results  predicted  by 
using  the  Boeing  and  Rockwell  equations  are  presented.  Tlie  summar>'  of  cross - 
correlation  results  is  shoivn  in  Table  8.  Statistics  on  the  accuracy  of  the 
life  predictions  using  three  different  fatigue  crack  growth  rate  equations 
and  their  corresponding  crack  growth  rate  constants  are  obtained  and  are 
presented  in  Table  9. 

As  can  be  seen  from  the  table,  all  the  statistical  data  show  that  the 
fatigue  life  predictions  obtained  by  using  the  Rockivell  equation  and  Rock- 
well growth  constants  are  practically  no  different  when  they  are  compared  to 
those  obtained  by  using  the  Grumman  equation  and  Grumman  constants.  There 
are  only  slight  differences  when  they  are  compared  to  those  obtained  by  using 
the  Boeing  equation  and  Boeing  constants.  For  further  illustration,  histo- 
grams of  the  number  of  correlations  against  the  ratio  of  the  predicted  life  to 
the  test  life  are  plotted  as  shown  in  Figure  21. 

The  result  of  the  cross -correlations  conducted  on  the  Grumman  2219-TS51 
akuTiinum  alloy  baseline  crack  growth  data  is  summarised  as  shown  in  Table  10. 

Tlie  same  statistics  on  the  predictive  accuracy  using  the  Boeing,  Rockivell, 
and  Grumman  equations  and  the  corresponding  growth  rate  constants  as  done 
previously  on  the  Boeing  baseline  data  are  presented  in  Table  II.  Again,  it 
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can  be  seen  that  there  are  essentially  no  differences  between  the  results 
predicted  by  the  Grumman  equation  and  by  the  Rocbvell  equation.  Using  the 
Grumman  equation  and  the  corresponding  rate  constants  fitted  by  Gnunman 
to  predict  back  Grumman  crack  growth  data,  76  percent  of  the  predictions  are 
accurate  within  ±30  percent,  yet  when  the  Rockwell  equation  and  the  corre- 
sponding rate  constants  are  used,  a comparable  75  percent  of  the  predicted 
cases  are  accurate  within  ±50  percent.  Judging  by  the  fact  that  Rocbvell 
rate  constants  \\fere  developed  from  Rockwell's  own  fatigue  crack  growth  data 
generation  program,  which  was  originally  aimed  in  support  of  the  appl Ration 
of  fracture  mechanics  design  requirements  to  the  B-1  strategic  bomber  , 
the  accuracy  of  the  prediction  is  considered  to  be  very  good.  Similar 
comments  can  be  applied  to  the  predicted. results  by  using  the  Boeing  equation 
and  the  rate  constants  derived  by  Boeing  . Figure  22  shows  the  accuracy  of 
fatigue  crack  growth  prediction  with  the  three  different  rate  equations. 


2.2.4  AUTOMATED  GRAPHIC  PLOTTING  PROCEDURE  IN  DETERMINING  FATIGUE  CRACK  GROIVTH 
RATE  RELATIONSHIPS 


Fatigue  crack  growth  rate  relationships  given  in  the  literatures  take  a 
variety  of  forms.  In  general,  the  instantaneous  rate  of  change  of  crack 
length,  or  approximate  to  it,  the  slope  of  the  crack  growth  curve  (i.e., 
da  ^ Aa., 
dN  ‘ AN 


■)  was  chosen  as  the  dependent  variable  in  a crack  growth  rate  model, 


The  independent  variable  selected  in  most  crack  growth  rate  equations  was 
intended  to  account  for  parameters  which  influence  the  fatigue  crack  growth 
behavior,  including  the  crack  size,  a;  applied  maximum  stress,  ^max!  stress 
ratio,  R;  and  others.  A brief  review  of  several  commonly  used  crack  growth 
rate  equations,  including  those  employed  in  the  baseline  crack  growth  rate 
data  correlation  and  cross -correlation  studies,  is  presented  in  the  preceding 
sections. 


A computer  graphic  plotting  routine,  PLOTRATE,  which  automatically  plots 
the  dependent  variable,  da/dN,  against  the  independent  variables  in  several 
forms  and  determines  the  corresponding  constants  for  various  crack  growth 
rate  equations,  has  been  developed.  Based  on  the  linear  elastic  fracture 
mechanics  concept  which  assumes  that  the  crack- tip  stress  intensity  factor, 

K,  should  control  the  rate  of  fatigue  crack  extension,  a general  fatigue 
crack  growth  rate  model  was  built  into  the  PLOTRATE  program  in  the  following 
form: 

c lfCK,R)]"  (15) 

where  c and  n are  experimental  deterministic  constants  for  a given  material. 
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PLOTRATE  plots  the  dependent  variable,  da/dn  versus  the  independent 
variable  f(K,R)  on  a double- logarithm  chart.  The  independent  variable  f(K,R) 
takes  various  forms  in  PLOTRATE.  For  the  crack  growth  rate  equations  used  in 
performing  baseline  crack  growth  data  correlations  and  cross-correlations, 
ffK,R)  takes  the  following  foms  . 


Boeing  equation: 

f(K,R)  * (1-R)  (K  - K , )^  K 

^ max  th^  max 


(14J 


Grumman  equation: 

fCK.R)  = (1-R)  (1  + qR)  K 


max 


R < R , R = R 

CO 

R > R , "R  = R 
co’  CO 


(15) 


Rockwell  equation; 


f(K,R)  = (1-R)"'  K 


max’ 


R < R ,,  R 
cut 


R > R 


cut 


R 

, IT  = R 


cut 


(16) 


Notice  that  in  Equation  (16),  £(K,R)  * (1-R)  K = aK  for  m = 1.  Thus,  the 
original  Paris  rate  equation  is  resumed. 

Since  the  crack  growth  rate  relationship  built-in  in  PLOTRATE  is  in  the 
form  of  Equation  13,  it  actually  represents  a straight  line  on  the  double- 
logarithm chart;  i.e., 

cis 

^dN^  = c + n In  [f(K,R)] 

The  exponent  n corresponds  to  the  reciprocal  slope  of  the  straight  line, 
and  the  coefficient  c is  a growth  rate  intercept  corresponding  to  a unit  value 
of  f(K,R). 

For  a given  set  of  crack  growth  rate  data,  once  the  independent  variable 
f(K,R),  is  chosen,  PLOTRATE  will  plot  the  whole  set  of  data  in  the  da/dN  versus 
f(K,R)  format  on  the  double- logarithm  chart,  and  the  corresponding  values  of 
c and  n will  be  determined  automatically  through  a least -square  fitting  sub- 
routine built-in  in  PLOTRATE.  Take  the  baseline  fatigue  crack  growth  rate 
data  of  2219-T851  aluminum  alloy  generated  by  the  Boeing  Aerospace  Company 
for  example;  the  original  crack  growth  rate  data  were  plotted  in  the  da/dN 
versus  format  (’K  It  was  replotted  as  shown  in  Figure  23  by  PLOTRATE. 
From  the  plot,  it  can  be  seen  that  f(K,R)  = K,jiax  obviously  not  an  appropri- 
ate independent  variable  to  be  chosen  to  characterize  the  crack  growth  rates. 
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Plots  of  da/dN  versus  different  independent  variables  derived  from  the  Boeing, 
Grumman,  and  Rockwell  equations,  as  formulated  in  Equations  14  through  16,  are 
given  in  Figures  24,  25,  and  26,  respectively.  From  these  figures,  a tenta- 
tive conclusion  can  be  made;  i.e.,  if  the  independent  variable  f(K,R)  together 
with  its  empirical  parameter,  such  as  ”S"  in  the  Boeing  equation,  "q"  in  the 
Grumman  equation,  and  "m"  in  the  Rockwell  equation,  are  properly  chosen,  the 
data  points  fall  nicely  as  a straight  line  on  the  log-log  chart.  Hence,  it  is 
appropriate  to  assume  that  the  fatigue  crack  growth  rate  relationship  for  this 
material  can  be  represented  by  equation  13.  Employing  a least-square 
fitting  subroutine,  a straight  line  can  be  drawn,  and  the  corresponding  values 
of  c and  n can  be  thus  determined  by  PLOTRATE  as  shown  in  Figures  24  throug  26. 

An  interesting  point  is  worth  mentioning  here.  Examining  Figures  25 
and  26  closely,  one  will  notice  that  these  two  sets  of  da/dn  versus  f(;K,R) 
plots  are  almost  identical.  Consequently,  the  values  of  c and  n corresponding 
to  Equations  15  and  16,  determined  by  PLOTRATE,  are  very  close  (8.541  x 
10-10  compared  to  7.697  x lO’lO  in  "c",  3.68  compared  to  3.72  in  ”n") . It 
explains  why  the  results  of  the  cross -correlation  on  the  Boeing  2219-T8S1 
aluminum  baseline  crack  growth  rate  data  using  the  Grumman  and  Rockwell  equa- 
tions (refer  to  Paragraph  2.2.3)  are  so  close.  The  analytical  predictions  on 
Grumman  2219-T851  aluminum  baseline  crack  growth  rate  data  as  summarized  in 
Table  10 shows  the  same  results.  Again,  it  can  be  seen  from  Figures  27  and  28 
that  the  plots  of  da/dN  versus  fCK,R)  of  the  Grumman  equation  deviate  very 
little  from  that  of  da/dN  versus  f(K,R)  of  the  Rockitfell  equation.  Conse- 
quently, the  analytical  predictions  using  these  two  equations  are  almost 
identical. 


2.3  LOAD  INTERACTION  MODELS 
2.3.1  A BRIEF  REVIBV 

The  flight  spectrum  loadings  of  aircraft  are  variable  amplitude  in 
nature.  A typical  flight  spectrum  is  shown  in  Figure  29.  It  is  a typical 
stress  spectrum  of  the  lower  wing  skin  of  the  B-1  strategic  bomber.  Various 
load  interaction  effects  on  the  crack  growth  behavior  under  such  variable 
amplitude  loadings  have  been  observed  and  investigated.  The  general  effects 
can  be  summarized  as  follows; 

1.  Overloads  introduce  significant  retardation  of  the  crack  growth. 
Some  data  indicate  that  if  the  overload  is  sufficiently  high 
with  respect  to  the  following  load,  the  crack  may  stop  growing. 

2.  Compressive  loads  tend  to  negate  the  retardation  effects  caused 
by  overloads. 
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3.  Compression  loads  in  tension-compression  cycles  tend  to  accelerate 
the  crack  growth. 

4.  Underloads  in  a low-high  sequence  of  loading  tend  to  accelerate 

the  crack  growth  rate  immediately  following  the  low-high  transition. 

The  need  to  have  a methodology  which  is  able  to  account  for  the  load 
interaction  effects  on  the  crack  growth  under  variable  amplitude  loading  is 
obvious.  To  neglect  the  crack  growth  retardation  caused  by  the  overloads  can 
lead  to  weight  and  cost  penalties  when  designing  the  aircraft  to  fulfill  damage 
tolerance  and  durability  requirements.  On  the  other  hand,  an  unsafe  design 
will  result  if  acceleration  effects  introduced  through  the  compressive 
loads  or  underloads  are  not  accounted  for. 

Numerous  fatigue  crack  grovrth  models  have  been  proposed  to  predict  the 
load  interaction  effects,  as  previously  mentioned,  since  Wheeler  developed 
the  first  retardation  model  in  the  early  1970’ s (25),  These  include  the 
Willenborg  model  (26) ^ Vroman/Chang  model (27  nnd  28)^  fiber's  Closure  Model (^^'\ 
Contact  Stress  Ntodel  (29),  etc.  They  are  mostly  based  on  the  linear  elastic 
fracture  mechanics  CLEFM)  concept;  i.e.,  the  fatigue  crack  growth  behavior 
can  be  characterized  by  the  crack  tip  stress  field  or  displacement  field.  The 
following  paragraphs  contain  brief  summaries  of  these  models. 


2 . 3 . 1 . 1 Wheeler  Model 

(25) 

The  crack  growth  rate  model  proposed  by  VVheeler  which  accounts  for 
the  overload  retardation  effect  can  be  expressed  in  the  following  form: 


a + R <a 

y p 


(17) 


where  (da/dn)up  is  the  corresponding  steady- state  (constant -amplitude)  crack 
growth  rate,  Ry  is  the  extent  of  the  plastic  zone  formed  by  current  loading, 
(op  - a)  is  the  distance  from  the  crack  tip  to  the  elastic -plastic  interface 
formed  by  the  overload,  and  m is  the  shaping  exponent. 

As  shown  in  Figure  30,  the  dotted  line  represents  the  extent  of  the 
plastic  zone  due  to  some  prior  high-load  application,  and  the  solid  line 
represents  the  current  plastic  zone.  Thus,  (Ry/(ap  - a))  is  always  bounded 
between  0 and  1 until  the  current  plastic  zone  moves  out  of  the  previously 
yielded  area.  After  that,  the  ratio  is  set  equal  to  1.  The  exponent,  m, 
provides  the  flexibility  to  shape  this  scaling  parameter  to  correlate  with 
test  data.  Hence,  the  retardation  parameter,  Cp  = (Ry/(ap  - a))*^  is  made  to 


14 


through  the  location  of  the  plastic  front,  ap,  and  the  crack  tip,  a.  The 
plastic  zone  size  can  be  calculated  from  the  following  formula: 


A/Tw 


(18) 


where  Kj  is  the  stress  intensity  factor,  a is  the  yield  strength  of  the 
material . 

The  Wheeler  retardation  model  has  been  modified  by  Gray  and  Gallagher 
such  that  the  retardation  model  is  allowed  to  be  used  without  reliance  on 
data  fitting  and,  therefore,  without  the  restriction  of  using  it  on  a specific 
material  or  a specific  set  of  loading  parameters.  The  modified  l\fheeler  model 
uses  a load  interaction  zone  (LIZ)  concept.  A schematic  showing  the  relation- 
ship between  load  and  its  corresponding  LIZ  is  shown  in  Figure  31.  Load  p^ 
applied  at  crack  length  a^,  develops  a zone  Z,  which  extends  to  some  future 
crack  length  a^.  Load  p2  develops  an  LIZ  which  is  represented  by  B2  a^. 


Based  on  Wheeler’s  assianption , if  p2  develops  an  LIZ  which  extends  out  to 
or  past  the  furthest  extent  of  a previously  developed  LIZ;  i.e.,  a2  Z,  ^ a^ 
+ Z-y,  the  growth  increment  associated  with  the  P2  loading  is  calculated  “using 
the  unretarded  rate  equation.  Conversely,  a crack  growth  rate  deceleration 
is  assumed  if  a2  + Z2  < a^^  + Zj. 

Wheeler's  original  assumption  was  that  the  load  interaction  zone,  Z, 
equals  the  plastic  zone  size  created  under  plane  strain  condition;  i.e.. 


If  the  plane  stress  plastic  zone  size  is  used,  the  load  interaction  zone 
becomes 


Z 
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Written  in  the  general  form,  the  load  interaction  zone  is 


a 


o 

ys 


A quantity  I*,  which  is  equivalent  to  ap  - a in  Equation  17,  is  the  differ- 
ence between  the  load  interaction  zone  due  to  a previous  overload;  Zql,  and 
the  current  crack  growth  increment  since  the  application  of  that  overload,  i.e. 


(19) 


Z*  = Z , - Aa 
oL 


As  shown  in  Figure  32,  Z*  is  also  the  LIZ  that  would  be  necessary  in 
order  to  have  no  retardation;  that  is,  after  the  crack  has  grown  some  incre- 
ment, Aa,  a\<ay  from  the  crack  position  immediately  after  the  overload,  ao[ , 
the  quantity  Z*  is  the  LIZ  required  to  be  coincident  with  the  LIZ  due  to  the 
overload.  As  the  crack  grows  away  from  the  overload  position,  Oql  (that  is, 
as  Aa  increases)  Z*  decreases.  For  the  case  of  coincident  LIZ  boundaries, 
a always  exists  such  that  Equation  18  is  satisfied.  Substituting 
Equation  18  into  Equation  19  and  rearranging  the  results,  it  yields 


(20) 


The  LOCUS  of  K*niax  values  is  identified  in  Figure  32.  For  a chosen  unre- 
tarded crack  growth  rate  equation,  the  general  form  can  be  expressed  as 


where  C and  n are  constants  for  a given  material  and  f (K,  R)  is  the  function 
of  controlling  parameters,  K and  R,  which  drive  the  fatigue  cracking  process. 


Hence,  the  generalized  Wheeler  model  can  be  written  in  the  following 

form; 


(21) 


Equation  21  is  the  Wheeler  model  in  the  stress  intensity  format. 

If  the  concept  of  the  effective  stress  intensity  factor  range,  AK^ff  is 
employed,  the  fatigue  crack  growth  rate  equation  for  a spectrum  loading 
becomes 


where 


AK 


max 


K 

. max 


2m 

n 


X f CK,R)  , K < K 

max  max 


eff 


f CK.R] , K > K 

max  max 


(23) 


&c^erimental  evidence  indicates  that  there  is  a particular  value,  S,  of 
^'^lax^Nnax  such  that  when  ^ S,  crack  arrest  occurs.  The  limiting 

condition  for  crack  arrest  is  = S.  Thus, 


/1\— 

AK^^f  (at  arrest)  = (g ) n f CK,R)  = 
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where  AKth  is  the  threshold  stress  intensity  factor  range  below  which  no 
measurable  fatigue  crack  growth  occurs.  The  IVheeler  exponent,  m,  can  be 
determined  as  follows: 


It  implies  that  m is  not  a constant  but  depends  on  the  specific  material 
being  used  and  the  loading  subsequent  to  the  overload. 


2 . 3 . 1 . 2 Wi 1 lenborg  Nbde 1 

The  Willenborg  retardation  model uses  an  "effective  stress"  concept 
to  reduce  the  applied  stresses  and,  hence,  the  crack  tip  stress  intensity 
factor  in  the  crack  growth  analysis.  The  effective  values  of  the  maximum 
and  minimum  applied  stresses  are  calculated  as  follows. 


Red 


la  . \ 

\ min/ 


eff 


a . 
min 


- Vd 


(25) 


where  is  the  reduced  stress. 

Tlie  effective  values  of  the  stress  ratios,  R,  and  the  stress  intensity 
factor  range,  AK,  are  calculated  using  Climax) eff  ^nd  fominleff-  2^"*^  crack 
growth  law  is  then  applied  directly,  using  the  effective  R and  K to  obtain 
the  groivth  during  the  interval  in  the  following  general  form: 


dN 


n 


To  determine  the  reduced  stress,  <rg0j,  for  a simple  spectrum  as  shown 
in  Figure  55,  the  following  step-by-step  procedure  can  be  followed. 


18 


1.  Apply  load  step  1.  The  plastic  zone  radius  is  calculated  and 
saved  for  reference 


a 

P 


2ira 

ys 


f26) 


2.  Apply  the  first  cycle  in  load  step  2.  Compare  02  to  ai.  Since 

02  01,  the  retardation  model  is  used. 

3.  Determine  the  applied  stress,  Oapp  required  to  extend  the  crack 
length  a^-  at  the  beginning  of  the  load  cycle  or  load  step  to  ap. 
The  yield  zone  radius  for  o^pp  is  given  by 


R = 

y 


a 

P 


a 

c 


app 


2^0 


ys 


f27) 


where  M is  the  geometrical  correction  factor  and  Oyg  is  the  yield 
strength  of  a specific  material. 

For  the  first  cycle  of  load  step  2,  Oapp  can  be  obtained  from 


a 

app 


4.  Obtain  the  reduction  in  the  applied  stress,  aped  ‘ioe  to  the  progress 
through  the  plastic  yield  zone  for  a given  load  step,  as  follows: 


'^Red 


a -a 
app  max 


For  load  step  2,  the  reduced  stress  is 


°Red 


a 

app 


o 


2 
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I£  the  crack  has  propagated  through  the  plastic  zone,  ORed 
equal  to  zero. 

Gallagher reformulated  the  Willenborg  model  by  using  a residual 

stress  intensity  factor  concept  which  suggests  that  the  effective  stress 

intensity  factor,  K be  calculated  from  the  equation 

0 tt 

K = K - K„ 
eff  ® R 


IVhere  K*  is  the  stress  intensity  factor  corresponding  to  the  remotely  applied 
load  and  Kr  is  the  residual  stress  intensity  factor. 

The  equivalent  residual  stress  intensity  factor  for  Willenborg  model  is 


inax 


CK.) 


max 


C28J 


Where  Zql  is  the  overload  created  load  interaction  zone,  which  is 
approximately  equal  to  the  overload  yield  zone  radius,  and  aa  is  the  increment 
of  crack  grovrth  into  the  overload  load  interaction  zone  since  the  application 
of  overload.  Following  an  overload,  Aa  is  approximately  zero  and  the 
residual  stress  intensity  factor  is  maximum. 

f 321 

Gallagher  and  Hughes  suggested  that  the  actual  residual  stress 
intensity  factor  Kj^  may  be  proportional  to  K^;  i.e.,  Kj^  = Thus,  the 

effective  maximum  and  minimum  stress  intensity  factor  can  be  written  as 


20 


or 


eff 


cut 


whichever  is  greater 


where  is  the  cutoff  value  of  the  effective  stress  intensity 

factor  which  is  set  equal  to  zero  normally. 


The  effective  maximum  and  minimum  stress  intensity  factors  and  the 
corresponding  value  of  Rgff  * (IQnin)e£f/C^Tiax)eff  calculated  from  the  preceding 
equations  can  be  then  used  in  the  crack  growth  analysis,  assuming  the  following 
form  of  fatigue  crack  growth  rate  equation: 


I ■ C 


The  proportional  constant,  in  the  previous  equation  can  be  obtained 

from 


<))  = 


K 

CO 


max 


max 


- (K  1 

TH 

- K 

max 


(31) 


IVhere  (Knjax)jj|  is  the  maximum  threshold  stress  intensity  factor. 

2. 3. 1.3  Closure  ^bdel 

The  closure  model  is  based  on  the  fact  observed  by  Elber  that  the  sur- 
face of  the  fatigue  crack  closed  during  fatigue  crack  propagation  tests  under 
cyclic  loading  with  tens ion -tens ion  load  cycles.  He  postulated  that  the 
crack  closure  phenomenon,  associated  with  a growing  crack  under  cyclic 
loading,  was  caused  by  residual  plastic  deformation  left  in  the  wake  of 
the  propagating  crack  tip.  These  deformations  effectively  decrease  the 
amount  of  crack  opening  displacement.  On  unloading,  this  can  cause  cracic 
closure  above  zero  load.  Therefore,  in  attempting  to  predict  crack  growth 
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analytically,  the  crack  opening  stress  level  should  be  used  as  a reference 
stress  level  from  which  an  effective  stress  range  can  be  obtained.  Elber 
defined  the  effective  stress  range  as  followsC^S) . 


Ao  = a - o 
eff  max  op 

where  is  the  crack  opening  stress. 

An  effective  stress  range  ratio  is  then  defined  as 

a a Ao  __ 

(j  = nrax  ~ op  _ eff 

a -a  . Ao 
max  min 


(32) 


ITie  Elber  model  is  expressed  in  terms  of  the  effective  stress  range  ratio  as 


= c (U4X)"  . C 


C33) 


where  AK  is  the  stress  intensity  factor  range. 

The  relationship  between  u and  three  important  variables  which  have  a 
significant  effect  on  u can  be  established  from  constant- amplitude  loading 
tests.  These  three  variables  are  stress  intensity  range,  AK,  the  size  of 
the  crack,  a,  and  the  stress  ratio,  R.  From  the  experimental  results  obtained 
from  the  fatigue  cyclic  testing  on  sheets  of  2024-T3  aluminum  alloy,  Elber 
concluded  that  only  the  stress  ratio  R is  a significant  variable  for 
2024-T3  aluminum  alloy,  Elber  proposed  that  the  relation  between  U and  R is 
linear  and  can  be  expressed  as 


U=  0.5  + 0.4R  where  -0.1  < R < 0.7 


Hence,  for  this  material,  the  crack  growth  equation  becomes 


^ = C tfO.5  + 0.4R)  AK]” 


(34) 
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Elber  extended  the  effect  of  crack-closure  phenomenon  to  the  crack 
growth  from  the  constant -amplitude  case  to  the  variable -amplitude  situation. 

He  indicated  that  fatigue  crack  closure  may  be  a significant  factor  in 
causing  the  load  interaction  effects  on  crack  growth  rates  (retardation  or 
acceleration).  The  following  example  illustrates  his  viewpoint. 

Assume  a crack  in  2024-T3  aluminum  alloy  is  propagating  under  the 
conditions  R-o  and  = 20  ksi  /In.  Under  these  conditions,  the  crack 
opening  level  is  at  K =10  ksi  /In.  If  the  maximum  stress  intensity  factor 
reduces  to  half  of  its  original  value,  the  new  conditions  are  IQnax  * 10  ksi  /liT. 
and  R = o.  The  crack  opening  level,  however,  is  still  Kqp  * 10  ksi  /lir , 
equal  to  the  new  peak  stress  intensity,  so  the  crack  does  not  open.  Therefore 
the  crack  does  not  propagate  until  the  crack  opening  level  changes. 

Employing  the  Elber  crack-closure  concept  and  assuming  that  the  crack 
closure  stress  is  not  different  from  the  crack  opening  stress.  Bell,  et  alC'^), 
proposed  a modified  closure  model  for  a through  crack  in  an  infinite -wide 
sheet  as  follows: 


^ - n r*^max  ^c 


n 


dN  = La  - c^^) 


(35) 


IVhere  Cf^  is  defined 
closure  stress  Oj.  as 


at  R = o,  which  is  related  to  the 


o 


C 


c 


f o 


max 


1.  Constant -amplitude  loading: 
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where  Cf.]^  and  Cf  are  the  values  of  the  closure  factor  Cf  for 
R * -1  and  0,  respectively,  and  P is  an  enpirical  constant.  For 
2219-T851  aluminum,  = 0.347,  Cf^  * 0.4,  and  p * 3.93. 

2.  High- low  loading  sequence  having  constant  minimum: 


0 = 
c 


0 < Aa  < p 


C37) 


where  and  0^2  are  the  constant -amplitude  closure  stresses  of 
high-stress  cycles,  and  lower  stress  cycles,  03,  respectively, 
Aa  is  the  crack  growth  since  the  stress  change,  p is  the  load 
interaction  zone  caused  by  ai,  and  B is  an  enpirical  constant. 

For  2219-T851  aluminum,  Bell,  et  al,  determined  the  values  of  the 
parameters  as  p s l/2Tr  Ckj/oys)^,  B s 1. 

3.  Variable-amplitude  loading  contains  a number  of  overload  cycles: 


a 

c 


(581 


where  NqL  is  the  number  of  overload  cycles,  Ng^t  i^  number  of 
overload  cycles  required  to  achieve  saturation,  and  is  the  ratio 
of  the  closure  stress  after  one  cycle  of  overload  to  the  stabilized 
overload  closure  stress.  Ocy  is  the  closure  stress  at  constant 
stress  ai. 


2. 3. 1.4  Contact  Stress  Ntodel 

Another  load  interaction  model  based  the  closure  phenomenon  is  the 
contact  stress  nrodel  developed  byDilletal  . This  method  of  crack 
growth  analysis  is  based  on  evaluation  of  stress  intensity  caused  by  crack 
surface  contact.  An  analysis  of  crack  surface  displacement  during  loading  and 
unloading  is  used  to  detennine  the  permanent  plastic  deformation  left  in  the 
wake  of  the  growing  crack.  Contact  stresses  caused  by  interference  of  these 
permanent  deformations  at  maximum  and  minimum  loads  are  determined  by  treating 
the  interference  as  a wedge  between  the  crack  surfaces  and  performing  an 
elastic-plastic  analysis  of  stresses  caused  by  the  wedge.  The  effective 
stress  intensity  range  used  in  the  crack  growth  prediction  is  determined  by 
subtracting  the  stress  intensity  factor  caused  by  these  contact  stresses 
from  the  applied  stress  intensity  factor  range. 
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To  determine  displacements  along  the  crack  surface  caused  by  loading  and 
unloading,  Dugdale's  strip  model^-^^J  was  employed  by  Dill  et  al.  Dugdale's 
model  treats  the  plastic  zone  as  an  extension  of  the  elastic  crack  surface 
over  which  a strip  of  constant -yield  stress  acts.  The  plastic  zone  size  is 
determined  to  be  that  length  of  constant-yield  stress  such  that  the  stress 
intensity  caused  by  the  yield  stress  equals  the  applied  stress  intensity; 
hence,  there  is  no  singularity  at  the  extended  tip.  The  crack  surface  dis- 
placement at  Kn,aj(  is  determined  from  the  superposition  of  the  displacement 
under  remote  loading  and  the  displacement  due  to  the  constant -yield  stress  of 
the  plastic  zone.  Figures  34  and  35  show  the  crack  surface  displacements  at 
maximum  load  and  during  unloading,  respectively.  The  elastic  displacements 
near  the  crack  tip  for  both  loading  situations  are  shovfn  schematically  in  the 
upper  portion  of  the  figures.  The  constant -yield  stress  of  the  plastic  zone 
tends  to  reduce  the  elastic  displacements  under  remote  loading  by  the  amount 
shown  in  the  middle  portion  of  the  figures.  During  unloading,  the  reversed 
plastic  zone  stress  is  increased  to  twice  the  yield  stress  used  during  loading, 
accounting  for  an  elastic  stress  range  equal  to  the  difference  of  tensile  and 
conpressive  yield  stresses.  The  crack  surface  displacement  at  the  minimum 
applied  load  are  determined  by  subtracting  the  displacements  occuring  during 
unloading  from  those  at  maxiirojm  load;  i.e.. 


min  max 


Figure  36  shows  the  elastic  crack  surface  displacements  at  minimum  load 
schematically. 

The  potential  interference  is  the  difference  between  the  permanent 
plastic  deformation  and  the  minimum  displacement  of  the  elastic  surface,  as 
shown  in  Figure  36.  The  permanent  plastic  deformation  at  the  crack  tip  at 
minimum  load  is  considered  to  be  equal  to  the  crack  opening  displacement 
(COD)  at  that  load.  As  obtained  from  Rice*^^^^,  the  crack  opening  displace- 
ment is  approximated  as 


COD., 


min 


= a (K^  -yAK^)/2Ea 
\ max  2 / ys 


where  0=1  for  plane  stress  condition,  a = (1-w  )/2  for  plane  strain  condition. 
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The  potential  interference  acts  as  a v>fedge  behind  the  crack  rip,  creat- 
ing a stress  intensity  factor  at  the  crack  tip.  Dill,  et  al,  used  25  con- 
stant-stress elements  to  idealize  the  wedge  in  order  to  determine  the  contact 
stresses.  Bueckner's  weight  function  approach was  employed  to  develop 
an  influence  coefficient  matrix  for  the  displacement -stress  relationship 
bet^^/een  elements. 

Once  the  contact  stresses  are  determined,  the  contact  stress  intensity 
factor  occurring  at  the  minimum  load,  the  effective  stress  intensity  factor, 
and  the  effective  stress  intensity  range  can  be  computed.  Thus,  if  the 
Forman  crack  growth  rate  equation  for  constant -amplitude  loading  situation 
is  adopted,  the  following  rate  model  can  be  used  to  account  for  the  overload 
interaction  effect: 


da  _ da 
dN  “ dN 


AK 


eff 


(39) 


The  contact  stress  model  has  been  extended  to  account  for  the 
compressive  load  acceleration  effect  by  Dill,  et  al^'^°^.  For  tens  ion -tens  ion 
(including  tension-zero)  cycles,  the  computation  of  displacements  and  contact 
stresses  is  made  with  the  origin  of  reference  for  the  contact  stress  model 
placed  at  the  physical  tip.  In  the  analysis  of  CODk^-  for  compression 
loads,  the  reference  origin  of  the  contact  stress  model  is  changed  to  the 
end  of  the  forward  plastic  zone.  As  shown  in  Figure  37,  the  wedge  is  composed 
of  the  sum  of  the  residual  displacements  in  the  forward  plastic  zone  caused 
by  loading  and  the  elastic  displacements  due  to  applying  compressive  load. 

This  wedge  is  represented  schematically  in  the  lower  portion  of  Figure  37, 
and  the  resulting  displacement  and  stress  distribution  is  shown  in  the  bottom 
of  the  figure. 


2.3.1. 5 Vroman/ Chang  Load  Interaction  Ntodel 

The  original  Vroman  retardation  model  which  was  developed  to  account  for 
the  overload  retardation  effects  on  the  crack  growth  for  a cracked  body  sub- 
jected to  variable- amplitude  loading  is  somewhat  similar  to  the  Willenborg 
model.  In  fact,  these  two  models  were  independently  developed  during  the  same 
time  period  (1970-71).  In  the  mathematical  form,  Vroman  model  was  expressed 
as  follows (27); 
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R >0 


. ..  = T K - jlK  . + -I  K 

erf  i max  41  min  3 max 


of 


f40) 


where  IQnax»  %in  maximum  and  minimum  values  of  the  stress  intensity 

factors  corresponding  to  the  currently  applied  load  cycle,  ao£  and  Kmaxof  ^.re 
the  values  corresponding  to  the  previously  applied  overload  cycle,  and  is 
the  plastic  zone  radius  corresponding  to  the  maximum  overload. 

In  plane  strain  condition,  the  plastic  zone  radius  Ry  is 


where  Oy^  is  the  yield  strength  of  the  material. 


The  effective  stress  intensity  factor  range,  AKeff,  in  the  Vroman  model 
(Equation  40) , can  be  reformulated  as 


It  can  be  seen  very  easily  from  the  preceding  equation  the  numerical 
value  of  AKeff  is  always  less  than  AK  = - I^fn  when  the  overload  is  exist- 

ing; hence,  the  corresponding  value  of  the  fatigue  crack  growth  rate,  da/dn, 
is  smaller  than  its  constant -amplitude  loading  counterpart,  resulting  in  crack 
growth  retardation. 

Chang,  et  al*^^^\  modified  the  Vroman  model  slightly  in  their  studv 
of  bomber  spectrum  variation  effects  on  the  behavior  of  crack  growth.  The 
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modification  was  made  by  changing  the  numerical  constant  0.33  in  the  AKgff 
equation  to  0.067.  Chang later  proposed  to  form  the  effective  stress 
intensity  factor  range  as 


AK  = AK  - A 
ef£ 


K 


max 


oi 


- K 


(42) 


where  A is  a constant  determined  by  variable- anplitude  loading  tests. 

To  account  for  the  underload  (small  tension- tension  cyclic  loading) 
acceleration  (crack  sharpening)  effects,  Chang,  et  proposed  an 

underload  acceleration  model  arranged  in  the  same  format  as  the  Vroman  over- 
load retardation  model.  In  its  preliminary  form,  it  is  as  follows: 


AK  = /k  - K . W b/i  - e , (ct  - a 

eff  \ max  min/  ^ J uly  max  y\ 


) 


K^  - K“ 
max  max 


(43) 


where  Ru£,  crmaxui*  and  JQnaxujj  “the  stress  ratio,  maximum  cyclic  stress, 
and  maximum  stress  intensity  factor  values  corresponding  to  the  previously 
applied  underload  cycles.  Nui  is  the  number  of  the  underload  cycles. 

The  constant  B in  the  equation  is  a combination  of  some  material 
constants  together  with  an  empirical  constant  a as: 


where  v is  the  Poisson's  ratio,  G is  the  shear  modulus,  and  Oyg  is  the  yield 
strength  of  the  material. 
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The  compressive  load  acceleration  effects  in  a spectrum  containing  tens ion- 
compress  ioij  cycles  have  been  studied  by  a number  of  investigators  in  the  last 
few  years To  account  for  the  acceleration  effect,  Chang 
proposed  to  employ  the  crack  growth  rate  equation  which  takes  the  similar 
form  as  Walker's  rate  equation;  i.e., 


da 

qN 


n 

K 

max 


R < 0 


(44) 


where  qCR)  is  the  acceleration  index  which  is  determined  by  tens ion- congress ion 
cyclic  test  for  a specific  value  of  negative  stress  ratio,  R. 

The  combined  Vroman/Chang  load  interaction  model  can  be  written  as: 


da 


dN  ” 


n 


R ? 0 


where 


= AK  - Af^CK,Ry)  + Bf2Ck,a) 
and 


da 

dN 


R)q(R) 


S 1" 

maxj 


R<  0 


(45) 


2.3.2  VARIABLE- AMPLITUDE  LOADING  CRACK  GROira  DATA  CORRELATIONS 

Variable-amplitude  load  fatigue  crack  growth  data  of  2219-T851  aluminum 
alloy  generated  from  the  Crack  Growth  Analysis  for  Arbitrary  Spectrum  Loading 
program  conducted  by  Grumman were  selected  as  the  primary  data  base  for 
the  evaluation  of  two  load  interaction  models  - the  modified  closure  model  and 
the  Vroman/Chang  model.  Results  of  the  fatigue  crack  growth  behavior  predic- 
tion by  Vroman/Chang  model  were  obtained  using  Rockwell's  computer  program 
(EFFQIO) . The  closure  model  predictions  were  those  documented  in  the  original 
Grumman  report.  Fatigue  crack  growth  data  of  two  other  family  materials, 
6A1-4V  titanium  and  HP  9Ni-4Co-0.2C  steel,  were  also  correlated  to  the 
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Vroman/Chang  model  predictions  in  order  to  verify  if  this  load  interaction 
model  is  applicable  to  nost  of  the  aircraft  materials.  Appendix  B presents 
the  detailed  description  of  the  variable  amplitude  loading  tests  correlated 
in  this  work.  The  crack  growth  equations  and  the  corresponding  rate  constants 
and  other  material  properties  used  in  the  analytical  predictions  are  shown  in 
Tables  1 and  2, 

Typical  results  of  the  correlation  of  analytical  predictions  to  the 
Grumman  2219-T851  aluminum  alloy  test  data  are  shown  in  Figures  38  through  42. 
It  can  be  seen  that  for  periodically  applied  overload  cases,  both  the  closure 
model  and  the  Vroman/Chang  model  predictions  correlate  with  test  data  satis- 
factorily. Yet,  for  block  loading  cases,  closure  model  provides  better  pre- 
diction than  that  of  the  Vroman/Chang  model.  This  is  primarily  because  the 
present  Vroman/Chang  model  cannot  account  for  the  effect  of  a large  number  of 
overload  cycles,  which  tend  to  retard  the  crack  growth  more  than  a single 
overload  cycle. 

Samples  of  correlation  results  of  Grumman  Ti-6A1-4V  mill- annealed 
titanium  alloy  variable- amplitude  loading  crack  growth  data  are  shown  in 
Figures  43  and  44.  In  general,  the  analytical  predictions  obtained  by  both 
the  Vroman/Chang  model  and  the  closure  model  provide  satisfactory  results  for 
most  of  the  cases  correlated. 

Typical  correlations  of  Rockwell  HP  9-4-20  steel  alloy  flight-by-flight 
spectrum  loading  crack  grovvth  data  are  shown  in  Figures  45  and  46.  Results 
of  correlations  demonstrate  the  capability  of  the  Vroman/Chang  model  in 
predicting  the  flight  spectrun  contains  compressive  cycles  situation. 


2.4  GEOMETRICAL  CONSIDERATIONS 

Tlie  prediction  of  the  fatigue  crack  growth  behavior  for  a crack  growi.ng 
in  a complex  stress  field  caused  by  geometrical  variations  of  the  cracked  body 
such  as  a plate  containing  an  open  hole,  a cold-worked  fastener  hole,  a row 
of  fastener  holes,  or  a hole  with  interference-fit  fastener  is  a complex  prob- 
lem with  many  aspects.  First  of  all,  even  in  the  absence  of  a crack,  the 
determination  of  the  stress  field  of  such  a geometry  involves  the  rigorous 
elastic  or  elastic -plastic  stress  analysis.  A precise  determination  of  the 
stress  intensity  factor  for  such  geometries  containing  cracks  is  very  diffi- 
cult, if  not  impossible,  to  obtain.  Secondly,  most  of  the  currently  devel- 
oped techniques  used  on  the  prediction  of  the  crack  growth  behavior  for  those 
cases  involving  large-scale  yielding  such  as  cracks  emanating  from  cold- 
worked  fastener  holes  or  hole -contained  interferenced  fastener  systems  are 
based  on  the  linear  elastic  fracture  mechanics  concept.  The  question  has 
often  arisen  whether  the  stress  intensity  factor  K is  a proper  fracture 
parameter  in  the  presence  of  the  large  plastic  strains Other  fracture 
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parameter  such  as  the  J- integral  have  been  suggested  to  be  enployed  in  dealing 
with  the  fatigue  crack  growing  under  elastic -plastic  conditions 
Although  the  application  of  the  J- integral  approach  is  considered  to  be  beyond 
the  state-of-the-art  for  predicting  crack  growth  behavior,  the  fact  that  a 
number  of  investigators  are  working  in  this  area  reflects  the  potential  use 
of  this  approach. 

Currently,  for  analyzing  problems  of  practical  significance  in  aircraft 
industry  applications,  there  exist  a good  many  engineering  solution  techniques 
in  the  determination  of  the  stress  intensity  factor  K.  These  include  the 
weight  function  approach,  introduced  by  Buecknerl^,  the  alternating  technique 
employed  by  Kobayashi,  et  alt'^^K  the  reciprocal  theorem  proposed  by  Ricet^\ 
the  finite -element  method  (47  and  48)  ^ ^he  boundary- integral -equation  approach 
Green's  function  technique ©Q)  , as  well  as  experimental  approaches  such  as  the 
combination  of  stress- free  zing  photoelasticity  and  a numerical  technique  used 
by  McGowen  and  SmithC^l),  the  fatigue  crack  growth  calibrating  method  employed 
by  Snow(S2)^  etc.  Several  documnets  have  excellent  collections  of  the  stress 
intensity  factor  solutions (^3  through  55) _ ^ brief  stmimary  of  some  of  these 

techniques  is  presented  here.  Engineering  approximation  solution  methods, 
including  the  "compounding  from  known  solutions"  approach  and  the  "effective 
stress  field"  method,  are  also  briefly  sijmmarized  and  presented. 


2.4.1  THE  FLNITE-ELEMEOT  METHOD  (FEM) 

Among  several  approximate  methods  such  as  boundary  collocation,  conformal 
mapping,  asymptotic  approximation,  etc,  developed  over  the  past  years  to 
analyze  realistic  crack  problems,  FEM  has  the  advantage  of  being  able  to 
solve  problems  with  complex  geometries,  anisotropic  materials,  nonhomogenious 
properties,  or  complex  problems  of  combined  mechanical  and  thermal  loadings. 
During  the  past  years,  FEM  has  been  successfully  applied  to  elastic  crack 
analysis  to  determine  stress  intensity  factors.  The  application  seems  to 
have  evolved  in  three  stages.  Initially,  Kobayashi,  et  al^^^^^  applied  to 
existing  conventional  finite  elements  to  the  solution  of  fracture  mechanics. 
This  approach  requires  very- fine -grid  work  in  the  crack  tip  region  as  well 
as  fitting  the  known  near- field  stress  or  displacement  solutions  such  as 
the  crack  opening  displacement  (COD)  to  the  approximate  numerical  solu- 
tions. During  the  second  stage,  Byskov^b)  ^ in  1970,  introduced  a cracked 
finite  element  in  conjunction  with  conventional  elements.  This  approach 
violates  the  compatibility  condition  between  the  cracked  element  and  the  con- 
ventional element.  During  the  third  stage  of  development,  Tong^^^,  in  1970, 
and  Plan,  et  alGS)^  in  197«1,  developed  the  hybrid  displacement  model  and  the 
hybrid  stress  model,  respectively,  where  they  used  a special  crack  tip  singular 
element  in  which  the  correct  singular  distribution  of  stress  and  strain  was 
embedded  in  the  shape  functions,  and  the  singularity  coefficient,  stress 
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intensity  factor  are  solved  directly  as  unknowns  in  the  final  matrix  equations 
along  with  nodal  displacements.  This  approach  does  not  require  very- fine- 
grid  work,  and  the  compatibility  condition  is  also  maintained  through  the 
Lagrange  multiplier  technique.  Since  the  convergence  rate  of  FENl  applied  to 
crack  analysis  is  dominated  by  the  singular  nature  of  solution  near  crack  tip, 
the  proper  incorporation  of  singularity  in  the  hybrid  model  greatly  improves 
the  accuracy  and  efficiency  of  the  stress  intensity  factor  solution. 

Figure  47  shows  a typical  finite -element  model  for  two  through -cracks 
emanating  from  two  adjacent  fastener  holes  contained  in  a rectangular  plate 
subjected  to  tensile  load  solved  by  Rockwell's  in-house  hybrid  displacment 
finite -element  program  (HYCRAK) t59) _ hYCRAK  is  a two-dimensional  program  which 
calculates  mode  I,  mode  II,  and  mixed  mode  stress  intensity  factor  for  a 
single  crack  as  well  as  multiple  cracks. 

Recently,  Atluri,  et  al®0)^  extended  the  hybrid  displacement  finite- 
element  method  to  the  solution  of  mode  I,  II,  and  III  stress  intensity  factor 
for  an  arbitrary  curved  three-dimensional  (3-0)  crack  front  in  a structural 
component.  Plan,  et  alt*^^,  also  developed  a special  crack  element  for  5-D 
fracture  analysis  using  a hybrid  stress  finite-element  method.  However,  the 
huge  computer  cost  still  remains  as  an  obstacle  in  using  the  3-D  finite- element 
method  in  real  engineering  situations. 


2.4.2  GREEN'S  FUNCTION  METHOD 

Many  stress  intensity  factor  solutions  can  be  constructed  by  using  the 
results  of  the  concentrated  force  problem  such  as  Green's  function.  For  a 
concentrated  normal  force  P and  tangential  force  Q applied  to  the  crack  sur- 
face in  Figure  48,  the  stress  intensity  factors  are  known  to  be®4) 


iKr  - 2iiP 

ZiTv'a 


<-  1 ^ lb  + a 
K+  1 \j  h - a 


b < a 


(46) 


where  Ki  and  Kji  are  the  mode  I and  II  stress  intensity  factor,  respectively, 

< = 3 - 4v  for  plane  strain,  and  k = (3  - v)/(l  + v)  for  generalized  plane  stress. 

Equation  46  may  be  used  as  the  fundamental  Green's  function  for  generat- 
ing solutions  to  crack  problems  involving  arbitrary  distributed  surface 

tractions  such  as  a and  a . 

yy  xy 
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For  a through-crack  emanating  from  an  open  hole  with  arbitrary  distrib- 
uted stress  a along  crack  length  such  as  in  Figure  49,  the  stress  intensity 
factor  solution  is 


k(a) 


a 


k (,x,  a)  CT  (x)  dx 


(47) 


where  k (x,  a)  is  the  normalized  stress  intensity  factor  due  to  the  arbitrary 
distributed  stress  a. 


By  defining  G = K(/a/it)  and  normalize  x and  a through  c = x/a, 
Equation  47  becomes 


where 


K'(a)  = Aa  S 


o C^)  G U,  a)  dc  , 


is  the  uniform  far- field  stress  and  b = a/o^  is  the  normalized  unflawed 
stress  distribution  on  the  propective  crack  surface. 

Hsu,  et  have  generated  Green's  function  to  compute  the  mode  I 

stress  intensity  factor  for  cracks  emanating  from  many  types  of  fastener  hole, 
including  interference -fit  fastener  holes  and  cold-worked  holes  with  the  con- 
sideration of  the  effects  of  elastic -plastic  stress  distribution  around  the 
fastener  holes.  The  method  is  briefly  described  in  the  following  paragraphs. 

Figure  50  shows  a double-radial  crack  emanating  from  a fastener  hole. 

From  the  principle  of  the  linear  superposition,  the  stress  intensity  factor 
of  problem  A is  equivalent  to  the  sum  of  those  of  problems  B and  C.  Since 
problem  B is  crack- free,  the  stress  intensity  factor  of  problem  A is  equiva- 
lent to  that  of  problem  C with  the  K solution  expressed  in  Equation  47. 

IVith  a knowledge  of  Green's  function,  G,  and  the  stress  distribution, 
on  the  prospective  crack  surface  with  the  crack  absent,  the  stress  intensity 
factor  K(a)  can  be  obtained  from  Equation  47. 

For  the  generation  of  Green's  functiorn  of  complex  geometry,  such  as  in 
problem  .A,  Hsu,  et  al,  proposed  to  use  a high-order  singularity  finite -element 
program  to  confute  the  mode  I stress  intensity  factor,  Kj,  for  a double-radial 
crack  emanting  from  an  open  hole  and  subjected  to  concentrated  loads  on  and 
perpendicular  to  the  crack  surface.  The  computed  Kj  can  be  then  used  to 
develop  Green's  function. 
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The  unflawed  stress  field  o can  be  computed  from  various  finite -element 
programs  with  or  without  the  consideration  of  the  effects  of  nonlinear  plastic 
behavior  according  to  the  degree  of  approximation  to  the  real  engineering 
situation. 

The  following  summarized  the  correction  factor  S for  several  t>^ies  of 
fastener  holes  obtained  by  Hsu  et  al. 

1.  Open  hole 

K = o /ia  S 
o op 

1 

V ' / % s te,  a)  dc 
o 


where  fQp  is  the  normalized  unflawed  stress  distribution  on  prospec- 
tive crack  surface. 

Tlie  factor  S which  is  equivalent  to  the  Bowie  factor* in  the 
purely  elastic  case,  accounts  for  the  hole  effect  when  the  local 
yielding  occurs. 

Interference -fit  fastener  hole 


K = 


/fra  S 


IF 


B 


IF 


(?)  G (?.  a)  d? 


where  Oyg  is  the  yield  strength  of  the  material,  and  fjp  is  the 
unflawed  elastic-plastic  stress  on  the  prospective  crack  surface 
normalized  by  the  material  yield  strength.  Sip  is  a function  of 
the  crack  length,  far- field  load,  and  the  amount  of  fastener  hole 
interference. 
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5.  Co Id- worked  hole 


K ® o S 

ys  cw 

1 

■ / few  « '«•  « 

0 

where  is  the  normalised  unflawed  elastic-plastic  stress  on  the 
prospective  crack  surface,  is  a function  of  crack  length,  far- 
field  applied  load,  and  level  of  cold  working. 


2.4.5  ''CO^^POU:vDING  FROM  KNOIVN  SOLUTION”  APPROACH 

Estimates  of  the  stress  intensity  factor  for  complex  geometries  can  be 
obtained  by  an  appropriate  set  of  available  simple  solutions.  This  method 
is  labeled  as  "Compounding  from  Known  Solutions (55) . jn  this  method,  each 
K expression  is  constructed  using  a "fundamental"  solution  multiplied  by  an 
appropriate  set  of  correction  functions  which  is  dimensionless.  In  a recently 
published  report,  Brussat,  et  al(63),  have  developed  a series  of  stress 
intensity  factor  solutions  for  cracks  growing  in  complex  structures,  primarily 
in  multiple -element,  mechanically  fastened  metallic  structures  based  on  three 
fundamental  stress  intensity  factor  solutions.  The  first  is  the  well-known 
case  of  a uniform  tension  applied  to  a through- thickness  crack  at  a circular 
hole  (as  shown  in  Figure  SI).  Bowie  originally  derived  the  so-called  Bowie 
function  in  the  1950's(^^^.  Tweed  and  Rookef^*^)  improved  the  accuracy  of 
Bowie's  original  solution  to: 


The  second  "fundamental"  solution  used  by  Brussat,  et  al,  is  the  line 
crack  problem,  as  shown  in  Figure  52.  This  is  the  case  when  the  crack  is  ver>' 
long  and  the  crack  tip  is  very^  far  away  from  the  hole.  The  stress  intensity 
factor  is  thus  approximated  by(^^^ 

= a ^ 

T e 

where  is  the  equivalent  half- crack  length. 
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For  the  case  that  the  crack  is  very  short  and  the  crack  tip  is  very 
close  to  the  edge  of  the  hole,  a third  fundamental  solution  ist°^) 

where  k^  is  the  stress  concentration  factor. 

A set  of  multiplicative  correction  functions  account  for  the  deviations 
from  the  fundamental  cases  were  developed  by  Brusset,  et  al.  The  following 
paragraphs  cover  some  of  the  cases  for  the  purpose  of  illustrating  the 
compounding  from  the  known  solutions  approach. 


2. 4. 3.1  Crack  Approaching  a Hole 

For  the  case  such  as  the  chordwise  splice  structure,  a crack  is  e.xpected 
to  grow  from  one  fastener  hole  to  another  fastener  hole,  as  shown  in  Fig- 
ure 53.  The  stress  intensity  factor  for  this  configuration  can  be  approxi- 
mated as 


“ ®AH  ^ * ^AH  ° 

where 

/ ^ 0.1  C^. 

3^  = (r  + I - c * R 4-  c ) derived  from  Isida’s  solutionf^OJ_ 

'"e  e ^ 


2. 4. 3. 2 Eccentrically  Cracked  Strip  in  Uniform  Tension 

The  stress  intensity  factor  solutions  for  a crack  eccentrically  located 
in  a finite -width  strip  under  uniform  tension  load  (as  shown  in  Figure  54) 
can  be  formulated  as  follows: 


CR) 


r(RJ  .C2) 
^FW  *^1 


8^^  a ^ 


51; 
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rCL)  f2) 
Ppw  *^1 


8^^  a /sr 


36 


where 


2. 4. 3. 5 Comer  Crack  at  a Hole 

The  stress  intensity  factor  for  a nearly  quarter-circular  comer  crack 
at  an  open  hole  contained  in  a plate  subjected  to  uniform  tension  load  is 

Kj  = 0.7114  = 0.7114}f  ° 

During  the  transition  from  a corner  crack  to  a through  thickness  crack, 
the  stress  intensity  factor  at  the  crack  tip  is 


(r^)  ® ^ 


where  t is  the  thickness  of  the  plate,  a is  the  depth  of  the  crack. 


4 ■ 


®TR 


U)  _ 


0.2886 


I + 2 (a/t)' 


2. 4. 3. 4 Inside  and  Outside  Cracks  in  a Tee  Stringer 


Stress  intensity  factors  for  the  inside  and  outside  cracks  e.xisting  in  a 
tee  stringer  (as  shown  in  Figure  55)  can  be  approximated  by  the  following 
equations: 


and 
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where  6p^-,  Sgp,  (Sp^,  and  are  the  transition  correction  factor, 
finite-width  correction  factor,  stiffener- flange  effect  correction  factor, 
fastener  load  effect  correction  factor,  and  near-edge  correction  factor, 
respectively.  Numerical  values  of  these  correction  factors  are  available  in 
reference  63. 


2.4.4  EFFECTIVE  STRESS  FIELD  METHOD 

The  effective  stress  field  method  was  originally  proposed  by  Chang 
in  his  work  on  prediction  of  fatigue  crack  growth  behavior  at  fastener  holes. 
Chang  observed  that  the  stress  intensity  factor  solution  for  a semi- infinite 
plate  containing  a single  through- the- thickness  edge  crack  is 

K = 1.12  a /ira 


where  cioo  is  the  remotely  applied  tensile  stress,  a is  the  crack  length.  In 
the  uncracked  state,  the  stress  immediately  adjacent  to  the  hole  contained  in 
an  infinite  plate  is  three  times  the  stress  at  infinity.  Thus,  for  an  exist- 
ing crack  which  is  small  compared  to  the  hole  radius,  the  crack  may  be  con- 
sidered as  an  edge  crack  embedded  in  an  effective  stress  field  of  a = 3 a®. 
The  estimated  K'is  then 


K = 1.12  a AS 


or 


K = 3.36  a AS 

GO 


For  a very  small  crack  (i.e.,  a <<R) , the  stress  intensity  factor 
obtained  by  Bowie  isC62) 


K = 3.39  Q AS, 

00  ^ 


The  error  is  only  1 percent. 

In  general,  for  cracks  emanating  from  a hole  contained  in  a plate  with 
finite  width  b,  the  single-edge  crack  correction  factor  f (a/b),  instead  of 
the  value  1.12,  should  be  used  to  account  for  the  disturbance  of  the  stress 
field  due  to  the  existence  of  the  crack,  i.e., 

1C  = f S Aa  (55) 
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At  some  distance  x from  the  edge  of  the  hole,  the  elastic  stress 
distribution  is 


where 


Y is  the  radius  of  the  hole, 

o^  is  the  remotely  applied  tensile  stress. 

For  thro  ugh -cracks  emanating  from  the  hole  with  the  crack  tip  located 
at  X,  the  local  stress  field  a(x)  can  be  considered  as  the  effective  stress 
in  the  stress  intensity  factor  equation,  i.e., 


K(x)  = f a(x)  /!fa 


(56) 


In  terms  of  the  elastic  stress  concentration  factor  k , the  preceding 
equation  becomes  ^ 


KCx)  = f (-^)  k^(x) 

Thus,  if  the  elastic  stress  concentration  factor  kt  for  an  unflawed  hole  is 
known,  the  corresponding  stress  intensity  factor,  K,  for  the  cracked  hole  can 
be  estimated  by  the  preceding  equation. 

Figure  56  shows  a comparison  of  the  effective  stress  field  solution  to  the 
known  Bowie  solution.  It  is  shown  that  when  the  crack  is  small,  the  discrep- 
ancy is  less  than  10  percent. 

The  effective  stress  field  method  was  employed  by  Chang  in  his  study  of 
fatigue  crack  growth  at  cold-worked  fastener  holes.  (^>8J  The  effective  stress 
intensity  factor  K was  fomiulated  in  terms  of  the  effective  stress  a , which 
is  defined  as 

■^  = (F  a + a_  ^1 
( c “ ResJ 
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where  o„  is  the  remotely  applied  tensile  stress,  ORes  residual  stress 
introduced  by  the  cold-working  process.  Fq  is  the  correction  factor  for  the 
influence  of  the  hole  to  the  local  stress  field. 

In  the  general  form,  the  effective  stress  intensity  factor  can  be 
written  as 


(57) 


where  B is  the  geometrical  correction  factor,  a is  the  crack  depth  and 
Q is  the  shape  factor. 

2.5  DAMAGE  ACCUMULATION  TECHNIQUES 

The  state-of-the-art  fatigue  crack  growth  analytical  prediction  methods 
are  primarily  based  on  a damage  accumulation  scheme  which  interrelates  the 
following  elements: 

1.  Fatigue  crack  growth  rate  relationship  and  the  corresponding  rate 
constants,  fatigue  fracture  properties,  as  well  as  other  related 
material  properties. 

2.  Loading  spectra  descriptions  and  other  infonnation,  such  as  residual 
stresses  etc 

5.  Initial  flaw  (crack)  configurations,  sizes,  locations,  and  geometries 
of  the  cracked  body. 

4.  Crack  tip  stress  intensity  factor  solution 

5.  Integration  procedures 

As  discussed  in  previous  sections,  the  growth  rate  of  a crack  subjected 
to  cyclic  loadings  can  be  expressed  in  general  as 


where  a is  the  crack  size,  maximum  applied  cyclic  stress,  B(a)  is  a 

geometrical  function,  and  R is  the  cyclic  stress  ratio.  The  preceding  equation 
is  a first-order  differential  equation,  Numerous  methods  can  be  used  to  solve 
this  equation  depending  on  the  specific  application.  In  general,  two  categories 
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of  analytical  predictions  are  conunonly  required.  Category  I is  the  estimation 
of  the  elapsed  time  (number  of  cycles)  which  is  required  to  grow  a crack  from 
an  initial  size  aoi  to  the  final  size,  a^,  subjected  to  eye lie -loading  condi- 
tions. Category  II  is  the  prediction  of  the  incremental  growth  of  a 
know  crack  within  a period  of  time  (cycles).  In  mathematical  forms,  one 
has 


category  I: 


N-1 

i=l 


N-1 


4N,  = 2 


i=l 


a.^,  - a- 
1+1  1 


F (a,  a , R,  e(a)). 
max  <-  ->'j_ 


(58) 


category'  II: 


Aa  = a^  - a 
r o 


N 

^ dN 


i=l 


(59) 


In  category  I,  for  a simple  case  such  as  a center  crack  contained  in  a 
wide  plate  subjected  to  constant  amplitude  cyclic  loading,  equation  58  can  be 
directly  integrated  as  follows: 


AN 


a 

I 


da 


f (a,  a , . . . ) 
’ max 
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C (2  - n)  (1  - /r) 


(60) 


Equation  60  resulted  by  employing  the  following  fatigue  crack  growth 
rate  equation  and  the  crack  tip  stress  intensity  factor  solution: 


da 

dN 
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(1  - R)  K 


max 


K = a /ria 
nuix  max 
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where  c,  m,  and  n are  the  crack’  growth  rate  constants,  R is  the  stress  ratio, 

and  a is  the  maximum  cyclic  stress, 
max 

If  both  the  initial  and  final  crack  sizes  are  known,  the  elapsed  time 
(number  of  cycles)  which  is  required  to  grow  the  crack  can  be  obtained  directly 
from  the  closed  form  solution  as  represented  by  Equation  60. 

In  most  cases,  closed  form  solutions  are  not  always  feasible.  This  is 
due  to  the  complexity  of  crack  growth  rate  expressions  when  overload  and  under- 
load cycles  are  existing  and  rapid  changes  in  the  geometrical  correction  func- 
tion of  the  stress  intensity  factors.  A crack  emanating  from  a fastener  hole 
contained  in  an  airframe  structure  subjected  to  flight -by-flight  spectrum 
loading  is  a typical  example.  In  such  case,  a load  interaction  crack  growth 
model  in  conjunction  with  a complex  stress  intensity  factor  solution  for 
cracked  fastener  holes  as  presented  in  preceding  paragraphs  shall  be  used. 
Numerical  integration  of  Equation  58  is  thus  necessary. 

To  calculate  the  increase  in  crack  size  resulting  from  a known  period  of 
time  (load  cycles),  AN  can  be  evaluated  by  solving  Equation  59.  Several 
integration  techniques  are  available  to  provide  the  solution  of  Equation  59. 
These  include  the  Runge-Kutta,  Taylor  series  approximation,  and  linear  approxi- 
mation methods. 

2.5.1  RUNGE-KUTTA  INTEGRATION  TECHNIQUE 

The  Runge-Kutta  integration  technique requires  the  knowledge  of  the 

current  crack  size  a as  follows: 

n 


where  the  Runge  coefficients  are  defined  as 


k^j  = AN 


da  I 
dN 


*N 


k^  = AN 


da 
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k.,  = AN 


da 
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= AN 


da 
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^N  *^2 


42 


Figure  5?  illustrates  the  geometrical  inteipretation  of  the  values  kg 
through  k5.  All  four  k-values  represent  the  slopes  at  various  points;  value  kQ 
is  the  slope  at  the  starting  point,  k3  is  the  slope  at  the  right-hand  point 
whose  ordinate  is  aj^  + k2  AN;  k2  is  one  of  the  two  slopes  considered  at  the 
midpoint  with  the  ordinate  ao  ♦ 1/2  k AN;  and  finally,  k,  is  the  second 
slope  at  the  midpoint  whose  ordinate  is  a^  + 1/2  kj^  AN. 

The  Runge-Kutta  integration  method  is  currently  used  in  the  CRACKS  pro- 
gram developed  by  Engle ^7®.  This  method  is  very  accurate,  yet  it  consumes  a 
substantial  amount  of  computer  time,  since  the  Runge-Kutta  integration 
technique  involves  calculating  da/dN  a minimum  of  four  times  for  each  load 
cycle. 

2.5.2  TAYLOR  SERIES  APPROXIMATION  lETHOD 

The  Taylor  series  approximation  method  is  employed  by  the  CGR  program 
developed  by  Johnson^ The  following  paragraphs  briefly  describe  how  it 
works . 


Applying  the  Forman  equation  for  example,  and  separating  terms  a and  N 
yields 


CAN  = 


(1  - R)K^  - AK(a) 

ii 

[AK(a)] 


da 


(62) 


Define 


U = y GCa)  da 

a. 

1 


(63) 


(1  - R)K^  - AK(a) 
where  u ~ CAN  and  G (a)  = 

[AK(a)] 


Since  u is  generally  smaller  than  GCa),  Equation  63 
mated  with 


can  be  approxi- 


U 1 Gca.) 


da  = G(a. ) 
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(a^ 


a.) 


(64) 
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Expanding  G(a)  into  the  Taylor  series  about  a = ai  whereupon  tlie 
resulting  series  is  integrated  yields 
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n 1 7 


(Aa) 


m-*-l 
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(65) 


and 


Aa 


1 


In  his  original  work,  Johnson (71)  assumed  that  Aa  is  expressed  into  a 
power  series  expansion: 


Aa 


P 

g a 

P 


(66) 


Upon  substituting  Equation  66  into  Equation  65  and  equating  to  zero 
the  coefficients  of  every  integral  power  of  p,  a sequence  of  equations  can 
be  obtained  as  follows: 


Solutions  of  ai,  a2,  33,  etc.  can  then  be  determined  from  the  following 
relationships : 


a 


3 


2 

/-V2  * '■’i 


) 


The  final  crack  size  can  be  calculated  by  using  Equation  66,  or 


a^  = a^  (1  + Aa)  = aj^  ^ 1 + ^ ap  j 

P=l,2,5,.. . 

2.5.3  LINEAR  APPROXIMATK^  METHOD 


(67) 


The  linear  approximation  method  assumes  that  the  growth  rate  is  constant 
throughout  a load  step  in  the  spectrum  so  that  the  crack  size  is  in  a linear 
relationship  with  the  number  of  load  cycles.  This  damage  accumulation  tech- 
nique was  proposed  by  Vroman,  which  was  first  employed  in  the  Rockwell  in-house 
developed  computer  routine  program,  EFFGRO,(72)  and  is  currently  widely  adopted 
throughout  the  industry.  The  following  paragraphs  describe  this  accumula- 
tion procedure  used  in  EFFGRO. 


The  load  spectrum  in  the  actual  integration  portion  of  the  EFFGRO  pro- 
gram is: 
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The  damage  accumulation  scheme  proceeds  by  considering  a load  step  (i) 
and  using  a^d  to  calculate  R,  and  da/dN. 

The  value  of  (0.0 la) /(da/dN)  is  then  compared  to  Ni,  where  "a"  is  the 
crack  size.  If  (0.01a)/da/dN)  is  greater  than  then  the  crack  growth  for 
that  particular  load  step  is  Aa  = x (da/dN);  "a”  is  increased  by  Aa,  and 
the  program  proceeds  to  the  next  load  step. 

If  (0.01a) /da/dN)  is  less  than  or  equal  to  N'i,  then  the  number  of  cycles 
to  grow  (0.01a)  is  (0. 01a)/ (da/dN) . This  value  is  subtracted  from  Nj,  the 
crack  size  "a,"  is  increased  by  (0.01a),  and  the  load  step  is  reconsidered. 

This  process  continues  with  (0.01a)/ (da/dN)  being  compared  to  the  remaining 
Ck’Cles  in  the  step.  IVhen  all  load  steps  in  the  block  (or  flight)  are 
e.xhausted,  the  program  proceeds  to  the  first  step  of  the  next  block  (or  flight). 
The  calculation  ends  when  Kiim  computed  with  the  limit  load  or  the  maximum 
spectrum  load,  whichever  is  greater,  exceeds  the  input  critical  stress  inten- 
sity factor  value. 


2.6  PROBABILISTIC  .APPROACHES 


The  prediction  of  fatigue  crack  growth  in  service  is  one  of  the  most  impor- 
tant problems  in  the  fatigue  analysis  and  design  of  aircraft  structures.  Unfor- 
tunately, crack  growth  in  service  involves  considerable  statistical  variability 
which  is  attributed  to,  among  others,  (1)  the  inherent  crack  growth  variability 
of  materials,  and  (2)  the  statistical  nature  of  service  loads  experienced  by 
the  aircraft  structures.  Even  under  laboratory -control led  conditions,  test 
results  indicate  statistical  scatter  in  crack  growth  rate  when  the  specimen  is 
subjected  to  constant -amplitude  fatigue  loading. 

It  is  well  known  that  gust  turbulences  to  aircraft  structures  are  statis- 
tical in  nature.  IVhile  the  maneuver  loads  are  controlled,  they  do  exJiibit  sig- 
nificant statistical  variability.  As  a result,  various  probabilistic  approaches 
to  fatigue  crack  growth  have  been  attempted  in  the  literature.  Probabilistic 
approaches  to  deal  with  the  crack  growth  variability  due  to  material  and  that 
due  to  service  loads  are  discussed  in  the  following  paragraphs. 


2.6.1  FATIGUE  CRACK  GROWTH  UNDER  CONSTANT -AMPLITUDE  LOADING 

Under  laboratory  test  conditions,  the  crack  growth  rate,  da/dN,  is  related 
to  the  stress  intensity  range,  aK,  through  the  following  equationt^3>^4,75) 

C(aK)*^  (68) 


da 

dN 
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in  which  C and  b are  experimental  constants  which  depend  on  such  factors  as 
the  mean  cyclic  stress,  the  test  environment,  and  the  cyclic  frequency. 

Both  C and  b are  subjected  to  some  statistical  variability  and 

iK  = 6ASv^  (69) 

in  which  AS  is  the  stress  range,  and  B is  the  geometric  tenn  for  structural 
configuration  which  may  be  a function  of  the  crack  size. 

IVhile  both  C and  b are  treated  as  random  variables,  it  is  assumed  in 
References  7 and  85  that  only  one  of  them  is  an  independent  random  variable. 

It  has  been  observed  that  the  variability  of  the  slope,  b,  of  the  crack  growth 
rate  (in  log  scale)  is  relatively  small  and,  hence,  it  can  be  neglected. f 84 ,86) 
Consequently,  the  statistical  variability  of  the  crack  growth  rate  can  reason- 
ably be  reflected  by  that  of  C. 

Taking  the  log  on  both  sides  of  equation  68,  one  obtains 

log  ^ = log  C + b log  aK  (70) 

Let 

Y = log  ^ ; X = log  AK  (71) 

o = log  C ; y = b 
Then  equation  70  can  be  ivritten  as 

Y = JX  + a (72) 

Using  techniques  of  standard  linear  regression  analysis,  one  cah  find  the 
estimates  of  a and  J,  denoted  by  a and  H.  If  a is  assumed  to  be  a normal  ran- 
dom variable  with  the  mean  a,  then  the  standard  deviation  of  a can  be  estimated 

from  a given  set  of  test  data.  Thus,  it  follows  from  equation  72  that  the  sta- 

tistical distribution  of  the  crack  growth  rate,  da/dn,  is  lognormal.  The  mean 
and  the  coefficient  of  variation  of  da/dN  can  then  be  obtained  from  the  mean 
and  the  coefficient  of  variation  of  a. 


Let  a^-j.  be  the  critical  crack  size  associated  with  the  design  load  Pxx- 
Then,  the  number  of  cycles,  Np,  to  fatigue  fracture  (i.e.,  the  number  of  cycles 
to  propagate  a crack  from  its  initial  crack  size,  a(0) , to  the  critical  crack 
size,  a^.^)  can  be  obtained  by  integrating  equation  68,  as  follows: 
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a(0) 


da 

C(AK)b 


(73) 
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Because  of  the  scatter  exhibited  by  both  the  initial  crack  size  and  the 
crack  groivth  rate,  Np  is  clearly  a random  variable.  For  a special  case  where 
aS  and  b are  both  constants  during  the  entire  crack  growth  process,  equation  73 
can  be  integrated  in  a closed  form  yielding  the  following  relationship; 

a^j.  = [a'^’cO)  - mC(BAS)^Npr^^'"  (74) 


in  which 


m 


(75) 


If  the  critical  crack  size,  a^,^,  is  much  larger  than  the  initial  crack 
size,  alO)  (i.e.,  aj.^/a(0)  >>1),  then  equation  74  can  be  approximated  by: 

(aS)*^  = 1/m  a"'(0)CB*^  (76) 

r 

Equation  76  can  be  written  in  the  form  of  the  classical  S-N  curve,  as  follows: 


K(AS)^Np  = 1 


(77) 


in  which 


K = ma"’(0)CB*^  (78) 

It  can  be  observed  from  equation  78  that  K is  a statistical  variable  and  that 
the  statistical  dispersions  of  both  the  initial  crack  size,  a(0),  and  the  crack 
growth  rate,  C,  are  reflected  by  that  of  K.  The  statistical  approach,  using 
the  S-N'  curve  of  equation  77  along  with  the  Miner's  damage  rule,  considering 
K as  a statistical  variable,  has  been  used  in  the  literature. 

From  various  published  reports,  the  scatter  of  the  crack  growth  inlierent 
in  materials,  as  represented  by  the  coefficient  of  variation  of  C,  is  approxi- 
mately 15  to  20  percent.  Such  a statistical  scatter  is  clearly  much  smaller 
than  that  of  the  fatigue  life,  which  involves  also  the  crack  initiation.  Thus, 
the  statistical  dispersion  of  the  fatigue  life  is  essentially  contributed  by 
that  of  the  time  to  crack  initiation.  Recent  investigations (89)  indicate  that 
the  statistical  dispersion  of  the  time  to  fatigue  crack  initiation  can  be 
derived  from  that  of  the  equivalent  initial  crack  size.  As  a result,  the  sta- 
tistical variability  of  the  fatigue  life  under  const ant -amplitude  loading  is 
essentially  due  to  the  statistical  variabilit)’  of  the  equivalent  initial  flaw 
size,  vdiich  depends  on  the  materials,  manufacturing,  and  assembling  processes. 
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2.6.2  FATIGUE  CRACK  GROIVTH  UNDER  VARimE-.WLITUDE  LOADING 

For  simplicity,  service  loadings  to  aircraft  structures  are  usually  sim- 
plified by  repetitive  spectrum  loadings  with  variable  amplitudes.  Under 
variable -amplitude  loading,  the  retardation  effect  due  to  high  tensile  loads 
and  the  acceleration  effect  due  to  compressive  loads  are  of  particular  impor- 
tance. The  crack  propagation  equations  for  variable -amplitude  loading 
proposed  to-date  take  the  following  form: 


^ = fCK  ,R) 
dN  max 


(79) 


where  K and  R are  the  effective  stress  intensity  factor  and  effective  stress 
ratio,  respectively. 


Integration  of  either  equation  68  or  79  from  the  initial  crack  size  a(0) 
to  any  intermediate  crack  size  aCN)<a(-p  yields 

N 

alN)  = a(0)  + E AaCj)  (80) 

j=l 

in  which  a(N)  is  the  crack  size  at  N cycles. 

Various  models  and  approaches  have  been  proposed  to  account  for  the  load 
interaction  effect  in  a deterministic  manner  in  which  the  cycle -by-cycle  inte- 
gration is  used  in  equation  80,  as  summarized  in  Paragraph  2.3  and  in 
References  90  through  95. 


2.6.3  FATIGUE  CRACK  GROimi  UNDER  STATIONARY  GAUSSIAN  RANDOM  LOADING 

Service  loads  to  aircraft  structures  are  random  in  nature.  Hence, 

crack  propagation  under  stationary  Gaussian  random  loading  has  attracted  con- 
siderable attention.  The  following  power  law  for  crack  propagation  has  been 
observed  experimentally  and  used  in  the  literature:  ^09) 


da 

dN 


C aK*’ 


(81) 


in  which  C and  b are  material  and  geometrical  constants,  and  AK  is  the  aver- 
age value  of  the  bth  power  of  the  range,  AK,  of  the  stress  intensity  factor. 
For  a through-thickness  crack,  one  has 


(82) 
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where  is  the  average  value  of  the  bth  power  of  rises  and  falls  of  the 
Gaussian  random  stress  history  X(t).  (See  Figure  58.) 

A stationary  Gaussian  random  stress  history'  X(t)  is  defined  by  its  one- 
sided power  spectral  density  G((d)  . (99-102)  ^ can  be  observed  from  equation  82 

that  in  order  to  predict  the  crack  growth  rate  da/dn  for  a given  power  spectral 
density  G(a))  of  X(t) , the  average  value  of  the  bth  power  of  rises^and  falls, 

Sb,  has  to  be  estimated.  The  mathematical  approach  to  estimate  is  proposed 
in  References  104  and  105,  in  which  cumbersome  multiple  numerical  integrations 
have  to  be  performed. 

A simpler  approximation  to  compute  is  suggested  in  Reference  109  using 
the  statistics  of  envelope.  For  instance,  for  b=4, 

S^(aj)  = (83) 

A^  = 16  + IZtt^F^  (-i  -|;  1;  k^)  - 242F^  (-1,  -1;  1,  k^) 

~4  ~4 

in  which  S (oj)  is  equal  to  S when  the  root  mean  square  of  the  applied  stress 
S(t)  is  2^1  is  the  hypergeometric  function,  and  k^  is  the  sum  of  the 
squares  of  the  sine  Fourier  transform  and ^ the  cosine  Fourier  transform  of  the 
normalized  power  spectral  density,  G(aj)/ot. 

.Analytical  expressions  of  S for  other  values  of  b are  given  in  ^fer- 
ence  109.  It  is  proposed  in  Reference  110  to  obtain  the  statistics,  S^,  by 
use  of  the  Monte  Carlo  simulation. 


2.6.4  F.ATIGUE  CRACK  GROWTH  UNDER  GUST  LOADS 


The  atmospheric  turbulences  and,  hence,  the  gust  loads  to  aircraft  have 
been  modeled  as  a stationary  composite  Gaussian  random  process (97- 102)  which 
differ  from  a single  stationary  random  process  described  in  the  preceding. 

The  gust  loading  S(t)  consists  of  a series  of  turbulence  patches  modeled  as 
stationary  Gaussian  random  processes  S(t,0i),  i=l,2,...,  where  ui  is  the  root 
mean  square  of  each  turbulence  patch.  The  power  spectral  densities^Gj((D)  for 
S(t,0j^),  i=l,2,...,  are  identical  when  normalized  with  respect  to  i.e., 
is  invariant  for  all  i=l,2 

Under  the  gust  loads  thus  d^ined,  it  is  shown  in  References  9 

and  111  that  the  average  value,  S^,  of  the  bth  power  of  rises  and  falls  of 
the  applied  stress,  S(t) , for  b=4  is 


(84) 
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in  which  and  P2  represent  the  fractions  of  nonstorm  turbulence  (clear  air) 
and  the  thunderstorm  turbulence,  respectively,  with  associated  intensities 
Ocl  3J\d  a^2>  where  Pi+P2=l.  Parameters  P^,  P2,  Ocl»  °c2  referred  to 
as  turbulence  field  parameters  and  they  are  specified  in  Reference  112  for 
various  altitudes. 

Thus,  equation  81  can  be  used  for  predicting  the  crack  growth  under  gust 
turbulences  where  is  given  by  equation  84.  Such  an  approach  is  used  in 
References  110,  9,  and  111. 


2.6.5  FATIGUE  CRACK  GROWTH  UNDER  SPECTRUM  LOADING 

Service  loads  to  aircraft  structures  can  be  very  complex,  including  gust 
turbulences,  ground -air -ground  loads,  ground  loads,  maneuver  loads  (air-to- 
ground  combat,  air-to-air  combat,  training,  etc).  In  addition,  aircraft  is 
also  intended  for  multiple  missions  or  usages,  thus  complicating  the  service 
loads.  As  a result,  the  fatigue  crack  growth  analysis  using  cycle -by -cycle 
integration  is  very  cumbersome.  From  the  standpoint  of  numerical  analysis 
and  laboratory  testing,  it  is  extremely  desirable  if  a highly  complex  spectrum 
loading  can  be  converted  into  equivalent  constant-  or  variable-amplitude  load- 
ing that  will  produce  the  same  crack  growth.  Then,  the  crack  growth  damage 
prediction  can  be  made  by  performing  the  flight -by- flight  integration,  thus 
reducing  the  significant  amount  of  computer  time. 

The  search  of  an  equivalent  constant -amplitude  test  to  replace  the  random 
load  test  was  made  by  Barsom. (94)  He  showed  that  for  some  random  loads  the 
rate  of  crack  growth  was  approximately  equivalent  to  the  rate  of  crack  growth 
under  constant -amplitude  test  with  the  same  minimum  load  and  an  amplitude  rep- 
resenting the  root -mean- square  amplitude  of  the  random  test  (equation  80). 


2.6.5. I Elber's  Approach 

Elbert^® >91)  proposed  an  equivalent  constant -amplitude  concept  which  was 
developed  based  on  the  crack-closure  phenomenon.  Test  results (1-8)  indicate 
that  the  crack  opening  load  remains  fairly  constant,  while  cracks  propagate 
under  repeated  random  load  sequence  containing  several  thousands  of  load  peaks 
IVhen  the  crack  opening  load  is  essentially  constant  and  known,  the  equivalent 
constant -amplitude  concept,  in  effect,  replaces  the  random  loads  with  constant 
amplitude  loads  in  the  crack  growth  calculation. 

The  crack  propagation  law  proposed  by  Elber(^^^  states  that  the  crack 
growth  rate  is  a power  function  of  the  effective  stress  intensity  factor  range 
only;  i.e., 
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da 

dN 


(85) 


X 


where  the  effective  stress  intensity  range,  AKgff,  is  measured  relative  to  the 
Load  at  which  the  crack  fully  opens. 

Therefore,  the  entire  approach  hinges  on  the  determination  of  the  crack 
opening  load.  An  empirical  or  analytical  method  for  predicting  the  crack  open- 
ing for  a particular  load  spectrum  is  needed  in  order  to  apply  the  concept  to 
fatigue  design  and  analysis.  A numerical  analysis  to  calculate  the  crack  open- 
ing  load  was  proposed  by  Newman. (93)  ^ equation  of  crack  growth  equivalence 

was  developed  by  ElberCSl)  to  obtain  equivalent  failure  crack  lengths  or  equi- 
valent crack  growth  modes.  Elber’s  method  has  been  applied  to  crack  growth 
of  Ti-8Al-lMo-lV  with  real  time  and  accelerated  flight-by-flight  loading  by 
Imig.(9-) 


2.6. 5. 2 Gallagher’s  App roac h 

Perhaps  the  most  significant  contribution  in  converting  the  complex  flight 
spectra  into  equivalent  constant -amplitude  loading  that  will  produce  the  same 
crack  growth  lives  is  made  by  Gallagher, (^5-77)  called  miniblock  approach. 
Gallagher’s  approach  uses  a crack- incrementation  scheme  to  analytically  gener- 
ate "miniblock"  crack  growth  rate  behavior  prior  to  predicting  life.  The  mini- 
block  approach,  in  effect,  combines  such  features  of  methods  as  (1)  cycle-by- 
cycle integration, (^8-85,50-96)  ('2)  statistically  based  stress -parameter  charac- 
terisation, (94, 105-109)  antj  (3j  crack  growth  data  generated  by  tests . (98,115, 114) 

Service  stress  spectra  normally  have  a few  identifiable  stress  events 
which  repeat  themself  with  a period  AT.  Within  each  period,  the  stress  his- 
tories or  events  can  only  be  described  statistically.  The  repeatable  stress 
events  in  the  service  spectrum  can  then  be  used  to  separate  the  spectrum  into 
a series  of  consecutive  stress  miniblock.  One  distinctive  repeated  miniblock 
of  aircraft  spectra  is  the  "flight,"  which  consists  of  takeoff,  landing,  and 
all  stress  events  in  betiveen.  The  stress  characteristics  of  the  miniblock 
(or  flight)  depend  on  the  mission  of  the  aircraft.  Military-  aircraft  are  usu- 
ally multimission  vehicles,  so  that  each  miniblock  will  not  contain  identical 
stress  histories.  However,  in  order  to  develop  a tractable  approach  for 
fatigue  crack  growth  behavior  induced  by  complicated  spectra,  the  variation 
of  the  stress  events  bet\veen  each  repeatable  miniblock  should  be  averaged  out 
statistically. 

Tlie  aforementioned  approach  is  also  motivated  by  the  observation  of  the 
flight-by-flight  crack  gravth  rate  behavior,  da/dF,  induced  by  mo  multi - 
mission  militar>'-transport-wing  stress  spectra  (A  and  B)  as  a function  of  the 
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root -mean- square  stress  intensity  factor  parameter  as  sho\m  in  Figure  59. 

Die  average  crack  growth  rate  per  flight  shorn  in  Figure  59  can  be  written  as 


dF 


C(K  ) 
max 


A 


in  which 


K 


max 


. 2 ,1/2  , , 

(o  ) i;»(a) 

max 


(86) 


(87) 


where  0,^^^  is  the  root -mean -square  of  the  stress  histories,  and  i(t(a)  can  be 
expressed  in  tenns  of  the  stress  intensity  factor  coefficient,  6(a),  as 


ij#(a)  = 6(a)  /ia 


(88) 


While  equation  86  is  statistically  similar  to  equation  81,  it  applies  to 
the  miniblock  in  which  gust  loading  is  only  a stress  event.  Service  spectrum 
having  a stress  event  periodically  described  in  the  preceding  is  referred  to 
as  the  steady- state  spectrum  by  Gallagher. 


IVhen  the  experimental  data,  such  as  those  shown  in  Figure  59,  are  avail- 
able, a least -square -curve  fitting  can  be  used  to  estimate  C and  X appearing 
in  equation  86.  Then,  the  miniblock  damage-integration  equation  equivalent 
to  equation  80  is 


a(N)  = a(0)  + 2 AaCj)  (89) 

j-1 

in  which  Np  represents  the  number  of  miniblocks  corresponding  to  the  crack 
length  a(N),  and  Aa(j)  as  computed  using  equation  86,  where  C and  x_have  been 
experimentally  determined. 

The  miniblock  growth  rate  can  also  be  deteimined  analytically  in  the  fol- 
lowing manner. The  periodicity  of  the  spectrum  is  established  by  isolating 
the  group  of  statistically  repeating  miniblocks.  Let  Nq  be  the  number  of  mini- 
blocks  in  a statistically  repetitive  group,  and  let  N'h  be  the  total  number  of 
miniblocks  in  a spectrum.  Then,  the  efficiency  of  the  miniblock  damage  inte- 
gration equation  given  by  equation  89  can  be  combined  with  the  accuracy  of 
cycle -by -cycle  damage  integration  given  by  equation  80,  as  follows: 


Aa  = a(N)  - aCO) 


S 2 Aa(i) 

j=l  i=l 


(90) 
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in  which  Aa  is  the  crack- length  increments  for  any  group  of  miniblocks, 
and  Nj  is  the  total  number  of  stress  cycles  in  the  jth  miniblock. 

Two  methods  have  been  proposed  by  Gallagher to  obtain  the  analy- 
tical equivalent  of  equation  86  by  coupling  a crack -incrementation  scheme  to 
the  application  of  equation  90.  These  two  methods  are  referred  to  as  the 
simple  crack  increment at ion -mini block  approach  and  the  statistical  crack- 
inc rementation  miniblock  approach,  respectively.  It  was  shoivn  that  the  crack 
growth  behavior  and  the  life  prediction  based  on  the  miniblock  approach  had 
good  correlation  with  experimental  test  results. 


2.6.6  STATISTICAL  DISTRIBUTION  OF  CRACK  DAMAGE 

Current  Air  Force  durability  requirement  states  that  the  economic  life 
of  aircraft  structures  should  be  in  excess  of  the  design  life.  The  prediction 
of  the  economic  life  of  aircraft  structures  is  based  on  the  statistical  distri- 
bution of  the  intermediate  crack  size  a(iNi) . Since  the  intermediate  crack  size 
a(N)  is  related  to  the  initial  crack  size  afO)  through  equation  80  or  89,  the 
statistical  distribution  of  a(N)  can  be  obtained  from  that  of  a(0J. 

Test  results  of  the  initial  crack  size  a(0)  are  available,  and  they  have 
been  characterized  by  the  Johnson  distribution. t J Recently,  a new  distri- 
bution has  been  proposed  for  a(0]  based  on  additional  test  results.  (US]  With 
a given  distribution  function  of  a(0) , the  numerical  integration  schemes  pro- 
posed in  Reference  73  (equation  80)  and  Reference  18  (equation  89)  can  be  used 
to  obtain  the  statistical  distribution  of  a(N)  by  selecting  a number  of  sample 
values  of  a(0)  to  determine  the  corresponding  sample  values  of  a(N} • The 
approach,  referred  to  as  the  Monte  Carlo  simulation,  is  schematically  shown 
in  Figure  60.  In  fact,  the  statistical  variability  of  the  crack  growth  rate 
inherent  in  materials  can  also  be  taken  into  account  in  this  approach.  The 
method  is  straightforward  and  accurate,  although  it  may  be  tedious  numerically 
and  expensive  in  computational  cost. 

For  a given  distribution  function  of  a(0)  , for  instance  the  Johnson  dis- 
tribution, the  distribution  of  a(N)  has  been  obtained  analytically  using  the 
flight -by- flight  crack  growth  rate  equation  similar  to  equation  86,  where  s(a) 
appearing  in  equation  88  is  expressed  as  a power  function  of  the  crack  size 
a_(116)  With  a general  crack  growth  equation,  such  as  equation  80,  the  statis- 
tical distribution  of  a(N)  has  recently  been  obtained  analytically, tll5) 
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It  has  been  observed  that  the  statistical  variability  of  the  crack 
growth  rate  parameters  c,  b,  and  A in  Equations  68,  81,  85,  and  86  are 
much  smaller  than  that  of  the  initial  crack  size  a(0).  Hence,  the  statistical 
dispersion  of  the  intermediate  crack  size  a(n)  is  essentially  contributed  by 
that  of  the  initial  crack  size  a(0).  Consequently,  the  statistical  variabil- 
ity of  the  crack  growth  rate  parameters  c,  b,  and  A can  reasonably  be 
neglected  in  the  durability  analysis. 

For  the  damage- tolerance  analysis,  on  the  other  hand,  the  initial  crack 
size  a(0)  is  specified  in  order  to  simulate  possible  existence  of  material 
and  manufacturing  defects.  Moreover,  the  maximum  design  load  is  also 
specified  so  that  the  critical  crack  size  a^r  is  a deterministic"  value. 

Thus,  the  statistical  variability  of  the  fatigue  life  is  essentially 
attributed  to  that  of  the  crack  growth  rate  parameters,  c,  b,  and  A.  Conse- 
quently, for  the  damage-tolerance  design,  the  statistical  variability  of 
the  crack  growth  rate  parameters  should  be  taken  into  account  to  reflect  the 
variability  of  fatigue  life. 
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3.0  METHODOLOGY  DEV'ELOPMENT  TESTING 


5.1  NETHODQLOGY  DEVELOPMENT  TEST  PROGRAM 

3.1.1  INTRODUCTION 

Task  I of  Phase  I called  for  an  evaluation  of  the  state-of-the-art  of 
present  methods  for  predicting  fatigue  crack  growth  under  flight-by- flight 
loading.  Following  the  completion  of  this  study,  it  was  planned  that  a 
general  methodology  would  be  developed  for  characterizing  flight -by- flight 
loading,  eliminating  the  necessity  for  a cycle-by-cycle  analysis  while 
predicting  equivalent  crack  growth  behavior.  To  aid  in  the  formulation  of 
this  methodology,  an  experimental  program  was  planned  to  study  the  signif- 
icant stress  parameters  which  control  the  rate  of  damage  on  a flight-by- 
flight  basis,  and  the  load  interaction  effects  such  as  tension  overload  re- 
tardation, compressive  load  acceleration,  tension- tension  underload  acceler- 
ation, high-low,  low-high  block  loading  sequence,  etc. 


3.1.2  TEST  DESCRIPTION 

The  methodology  development  test  program  consisted  of  a series  of  eight 
baseline  tests  to  develop  basic  fatigue  crack  growth  rate  properties  plus 
five  groups  of  methodology  development  test  specimens  varying  in  complexity 
from  simple  constant -amplitude  tests  to  complex  random  cycle-by-cycle 
spectrum  tests.  The  baseline  tests  applied  a common  maximum  stress  of  20 
ksi  with  variations  in  the  R-factor  ranging  from  +0.70  to  -0.30.  One 
special  static  test  was  conducted  on  a precracked  specimen  to  verify  the 
fracture  toughness  of  the  material.  The  methodology  development  tests 
consisted  of  the  following  five  groups; 

Group  I - Constant -amplitude  loads  - 10  tests 

Group  II  - Single  or  periodical  overload/underload  - 20  tests 

Group  III-  Multiple  overload/underload  - 50  tests 

Group  IV  - Simplified  flight  spectrum  - 25  tests 

Group  V - Random  cycle -by- cycle  spectrum  - 13  tests 

Details  of  the  loading  conditions  for  each  test  are  shown  in  Appendix  C. 
The  magnitudes  of  the  maximum  stresses,  the  stress  ratios,  and  the  number  of 
cycles  selected  for  each  test  were  aimed  to  study  the  parameters  which  control 
the  damage  on  a flight -by- flight  basis.  The  random  cycle-by-cycle  spectra 
were  selected  based  on  the  load  data  furnished  by  the  Air  Force, (117,  118) 
where  the  simplified  flight  spectra  were  generated  by  the  equivalent  damage 
criteria  developed  in  this  program.  (Refer  to  Section  4.0  for  details.) 
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3.1.3  MATERIAL  AND  SPECIMENS 


All  experimental  evaluations  were  performed  on  plates  from  a single 
heat  of  2219-T851  aluminum  alloy  procured  to  specification  QQ-A- 250/30. 

The  plates  were  48  by  144  inches  and  had  a nominal  thickness  of  one -fourth 
inch.  The  plate  material  was  purchased  from  Ti-Con  Industries,  Huntington 
Beach,  Calif.  A description  of  the  material,  including  the  chemical  and 
physical  properties,  follows: 

2219-T851  aluminum  QQ-A- 2 50/ 50, 

1/4  X 48  X 144  inches 

Mill  source:  Reynolds 


_ — 

Chemical  properties 


Heat  no. 

A1 

Mg 

Mn 

Zn 

Zr 

Si 

Fe 

Cu 

Ni 

7430252D 

0.02 

0.20 

0.40 

0.02 

0.10 

0.05 

0.15 

0.10 

0.25 

5.8 

6.8 

Cr 

Ti 

Th 

Ca 

c 

S 

P 

Others 

0.10 

0.20 

0.30 

Each  1 

0.05  ma.x 

Total 

0.15  max 

1 

Physical  properties 


Heat  no. 

Yield  strength 

Tensile  strength 

% Elong 

i 7450252D 

46,000  min  (psi) 

62,000  min  Cpsi) 

8 min  { 

The  test  specimen  blanks  were  machined  from  three  plates.  Each  blank 
was  uniquely  serialised  to  identify  the  plate  from  which  it  came  and  it 
location  within  that  plate.  The  blanks  were  then  finish-machined  to  the 
configuration  shown  in  Figure  61.  All  test  section  thicknesses  were  0.250 
inch  and  the  longitudinal  grain  was  oriented  parallel  to  the  loading 
direction.  The  center  notches  were  installed  by  EDM  Laboratories,  Garden 
Grove,  Calif.,  employing  the  \i/ire  electrical  discharge  machining  process. 
The  center-notch  configuration  was  selected  in  order  to  minimite  the 
geometric  considerations  in  the  calculation  of  the  stress  intensity  factor. 
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3.1.4  TESTING  PROCEDURES 


All  tests  were  conducted  in  Rockwell  LAD' S'  Structure  Test  Laboratory, 
employing  the  500  and  1,500K  MTS  Fatigue  Testing  Systems.  .An  MTS  load  tower 
(Figure  62)  consists  of  a rigid  load  frame  and  incorporates  a dual  bridge 
load  cell  and  hydraulic  actuator.  Applied  loads  are  controlled  through  a 
closed- loop  servo  system  and  load  prograiraner  test  system,  with  load  cells 
and  servo  valves  optimized  for  controllability  and  cyclic  load  rate.  The 
MTS  system  uses  a Digital  PDP  8E  digital  computer  for  program  control.  All 
tests  except  the  randomized  cycle -by -cycle  spectrum  tests  were  controlled 
by  the  MTS  system.  The  randomized  tests  were  controlled  by  the  Datum  Servo 
System  70,  a computer -control led  fatigue  test  system  selected  for  this 
application  because  of  its  capability  to  handle  much  longer  waveforms  than 
is  possible  with  the  integral  NITS  computer  equipment.  As  used  on  the  random 
spectrum  tests,  the  Datum  system  acts  as  a waveform  generator  and  provides  a 
command  signal  output  to  the  MTS  servo  controller.  The  MTS  system  returns  a 
load  cell  feedback  signal  to  the  Datum  system  which  was  used  for  "desired 
versus  actual  load"  error  checking.  The  only  other  interfaces  between  the 
two  systems  are  discrete  signals  providing  test  control,  including  hold, 
run,  and  ramp  on  servo  controller  error  detection.  A schematic  of  the 
interrelationship  of  the  FITS  and  Datum  70  systems  is  shown  in  Figure  63. 

Loads  were  transmitted  from  the  test  machine  heads  to  the  specimens  through 
hydraulically  actuated  friction  grips. 

The  EDM  crack  starter  slot  in  each  specimen  was  precracked  to  produce 
an  initial  crack  length,  2a,  of  0,30  inch,  approximately.  Precracking  was 
performed  under  constant  amplitude  cycling  at  an  R- factor  of  zero  and  with 
maximum  cyclic  stresses  of  8 ski  or  10  ski,  but  in  no  case  exceeding  the 
maximum  stress  applied  in  the  subsequent  test.  All  tests  were  run  in  ambient 
laboratory  air  at  room  temperature.  The  cyclic  rate  for  constant  amplitude 
testing  was  approximately  6 Hz  and  for  spectrum  testing  between  4 and  6 Hz 
depending  on  such  factors  as  load  level,  load  range,  and  the  presence  of 
compression  loads.  Crack  growth  was  measured  by  visual  optics  reading  from 
precision  scales  attached  to  each  side  of  the  specimen  adjacent  to  the  EDM 
slot.  Measurements  were  made  and  recorded  after  approximately  each  0.05 -inch 
increment  of  growth.  The  long  edges  of  the  specimens  were  restrained  against 
lateral  motion  when  subjected  to  conpression  loads. 

All  raw  test  data  tabulations  and  plots  are  contained  in  Volume  II  of 
this  report.  The  data  as  measured  in  the  laboratory  is  listed  in  columns  of 
measured  crack  length  and  cumulative  cycles.  Additionally,  a cuiv^e  of  half- 
crack length,  a,  versus  cycles,  N,  is  plotted  for  each  test  through  use  of 
the  PLOTRATE  program. 
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5.2  RESULTS  .AND  DISCUSSION  OF  TEST  DATA 


3.2.1  B.ASELINE  TEST  RESULTS 

The  baseline  tests  were  used  to  develop  the  crack  growth  rate  constants 
employed  in  the  selected  growth-rate  equations.  To  obtain  these  constants, 
the  raw  data,  which  were  collected  and  tabulated  by  the  laboratory  in  the  form 
of  crack  length  vs  cycles,  were  processed  through  the  PLOTRATE  program.  PLOT- 
RATE  is  an  automated  fatigue  crack-growth- rate  data  processing  program  which 
calculates  and  plots  the  cyclic  crack  growth  rate,  da/dN,  versus  various 
functions  of  K and  R,  such  as  AK,  C1‘R)™  ^ double  logarithmic 

scale.  The  cyclic  growth  rate  da/dN  is  calculated  by  the  seven-point  incre- 
mental polynominal  method. 

PLOTRATE  determines  the  crack  growth  rate  constants  C and  n by  least 
square  fitting  of  the  test  data.  An  alternate  form  of  raw  test  data  presen- 
tation by  PLOTRATE  is  a linear  scale  plot  of  crack  length  versus  test  cycles. 
In  either  form  of  plotting,  data  from  several  tests  can  be  plotted  on  a single 
graph  to  compare  crack  growth  characteristics  and/or  to  obtain  a set  of 
growth-rate  constants  for  a specific  test  parameter. 

For  the  baseline  tests,  the  desired  output  from  PLOTRATE  was  a graph  of 
crack  growth  rate,  da/dN,  versus  the  selected  form  of  f (K,  R) . .An  example 
of  the  PLOTRATE  output  for  four  tests  run  at  an  R- factor  of  zero  is  shown  in 
Figure  64.  The  constants  C,  m,  andn  listed  in  the  figure  were  used  in  the 
crack -growth- rate  equations  for  all  subsequent  predictions  of  the  methodology 
development  tests. 


3.2.2.  CRACK  GROWTH  PREDICTION  METHODOLOGY  TESTING  RESULTS 

The  crack-growth  prediction  methodology  tests  consisted  of  specimen  groups 
I,  II,  and  III  as  described  in  Section  3.1.2,  a total  of  60  tests  identified 
as  M-1  through  M-60.  These  tests  were  confined  to  relatively  simple  cyclic 
load  sequences  including  constant  amplitude  tests  at  different  R- factor  and 
maximum  stresses  (M-1  through  M-IO),  single  or  periodical  over load/ under load 
tests  (M-11  through  M-30) , and  multiple  overload/underload  tests  (M-31  through 
M-60).  The  measured  crack  growth  data  were  processed  through  the  PLOTRATE 
program  resulting  in  a tabular  listing  and  a linear  scale  plot  of  crack 
size  versus  test  cycles.  (Refer  to  Volume  11} . Typical  plots  of  crack  size 
versus  test  cycles  are  shown  in  Figures  65  through  68,  The  effects  of  stress 
ratio,  overload,  underload,  and  compressive  load  to  the  crack  growth  are 
clearly  shown. 
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3. 2. 2.1  Crack- Growth- Rate  Equation  and  Load  Interaction  Models 


Data  from  test  groups  I,  II,  and  III  were  correlated  with  analytical 
predictions  made  by  Rockwell's  EFFGRD  program  using  the  Vroman/Chang  model 
and  also  by  the  Air  Force  CRACKS  program  with  the  Willenborg  model. 

The  EFFGRO  prediction  employed  the  following  formulations  for  growth  rate 
and  load  interaction;  all  con^ressive  stresses  were  retained  in  the  predictions 
by  EFFGRO. 


da 

dN 


= c 


eff 


(1  - 


0<RSR  , "R  = R 
cut 

0 £R£R  , ¥ = R 

cut  cut 


AK  - (K  - K . J 
etf  max  min 


K - K 
max  , max 

o( 


da 

dN 


= c 


[a  - R)^  K 1"  , R 
L max  J 


<0 


da 

dN 


0 , AK  „ < AK  ^ 

’ eff  th 


where 

C = 8.367  X 10'^°  n = 3.64  m = 0.6 

q = 0.3  R . = 0-7S  , = 1.5  KSl/ii^ 

^ +cut  th 


These  growth- rate  constants  were  established  by  the  PLOTRATE  program 
using  crack  growth  data  generated  from  the  baseline  test  group  as  described 
in  Section  3.2.1. 
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The  CRACKS  predictions  enployed  the  following  formulations  for  growth  rate 
and  load  interaction;  all  compressive  stresses  were  truncated  to  zero  in  the 
predictions  by  CRACKS. 

nn 
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c = 8.367  X 10 


•10 


m*0.6,  n=3.64 


where 


AK^J^  = AKq  (1  - AR)  AKq  = 1.5  KSW  in.  , A = 0 


3. 2. 2. 2 Correlation  Results 

The  predictions  from  EFFGRO  and  CRACKS  were  correlated  to  the  experi- 
mental data  in  order  to  identify  the  required  areas  of  refinement  to  the 
e.xisting  load  interaction  models.  Figures  69  through  72  are  plots  of  the 
measured  crack  growth  data  for  typical  tests  of  groups  II  and  III  together 
with  analytical  predictions  by  the  Vroman/ Chang  and  Willenborg  models.  These 
four  tests  represent  a cross  section  of  the  single,  periodic,  and  multiple 
overload  sequences  that  were  applied  in  these  test  groups. 

Table  12  summarizes  the  crack -growth- data  correlations  for  tests  M-1 
through  M-60,  including  the  test  life  predictions  by  Vroman/Chang  and 
Willenborg,  and  the  ratios  of  these  predictions  to  the  test  lives.  It  can 
be  seen  that  both  the  Vroman/Chang  model  and  the  Willenborg  model  predicted 
rather  well  for  the  periodic  overload  cases  but  not  for  those  cases  contain- 
ing block  of  overloads  such  as  M-45,  -44,  -45,  and  -46.  Refinements  of  the 
load  interaction  models  to  accomodate  the  effect  of  the  number  of  overload 
cycles  are  necessary.  For  loading  cycles  containing  compressive  stresses,  the 
Vroman/Chang  model  provided  apparently  better  predictions. 


3.2.3  Spectrum  Oiaracterization  Test  Results  and  Data  Correlations 

Tlie  spectrum  characterization  tests  consisted  of  specimen  groups  IV 
and  V,  a total  of  38  tests  identified  by  test  numbers  between  M-61  and 
M-94.  Group  V consisted  of  13  tests  to  random  cycle-cy-cycle  spectrum 
of  four  typical  fighter  missions  generated  by  using  data  furnished  by  the 
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Air  Force  where  the  maximim  spectrum  stresses  related  to  limit  stresses  of 
20,  30,  and  40  ksi,  and  two  random  cycle-by-cycle  transport  spectrum  with 
maximum  spectrtnn  stresses  of  14  and  19.6  ksi.  Hroup  IV  consisted  of  25  tests 
to  simplified  flight  spectra  with  maximum  stress  levels  related  to  limit 
stress  conditions  in  both  fighters  and  transports.  There  was  a one-for-one 
correspondence  between  each  of  the  random  spectra  and  one  or  more  of  the 
simplified  spectra  which  were  generated  by  using  the  equivalent  damage 
criterion  developed  in  this  program  (refer  to  Appendix  for  detail) . As  were 
done  previously,  the  crack  growth  test  data  were  processed  through  the 
PLOTRATE  program.  The  raw  data  tabulations  and  plots  are  contained  in 
volume  II  of  this  report. 

Comparisons  were  made  on  the  crack- growth  behavior  among  the  random 
cycle-by-cycle  spectra  and  their  corresponding  simplified  versions.  Satis- 
factory results  were  shown.  For  an  air-to-air  fighter  spectrum,  30  ksi 
limit  stress  case,  the  crack-growth  data  generated  under  the  random  cycle- 
by-cycle  loading  (M-82)  are  shown  in  Figure  73  by  cross  symbols,  where  the 
growth  data  generated  from  their  simplified  versions  (one- step  flight  segment, 
M-61A;  two-step  flight  segments,  M-69A;  and  two-step  ground  flight  segments 
M-77A)  are  shown.  It  can  be  seen  that  the  error  of  the  equivalency  in  crack 
growth  in  M-61A,  M-69A,  and  M-77A  as  compared  to  random  loading  (M-SZ)  is 
about  30  percent.  Similar  plots  for  other  cases  are  shown  in  Figures  74 
through  79.  A detailed  discussion  of  the  significance  of  the  test  results 
is  in  Section  4.0. 

Analytical  predictions  obtained  from  EFFGRD  were  again  correlated  to  the 
test  data.  All  crack  growth  rate  constants  used  in  the  predictions  were  iden- 
tical to  those  which  were  enployed  in  the  correlation  study  presented  pre- 
viously. The  random  spectra  were  range- pair  counted  before  the  performance 
of  the  crack  growth  calculations.  All  correlations  (M-61  to  M-94)  were 
summarized  and  are  presented  in  Table  13.  It  can  be  seen  that  the  Vroman/ 
Chang  model  predictions  correlate  satisfactorily  with  test  data  in  this  test 
series. 
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4.0  CHARACTERIZATION  OF  THE  FLIGHT -BY -FLIGHT  LOADING 


4.1  INTRODUCTION 


One  of  the  primary  objectives  of  Phase  I of  the  present  program  is  to 
identify  the  significant  parameters  which  control  damage  on  a flight-by-flight 
basis,  and  to  develop  methodology  for  characterizing  flight  loading  which  would 
eliminate  the  necessity  for  cycle-by-cycle  analysis  while  producing  equivalent 
crack  growth  behavior.  To  achieve  this  objective,  major  emphasis  is  placed 
on  the  parametric  and  statistical  characterization  of  fighter  and  transport 
aircraft  load  spectra.  The  parametric  characterization  implies  reduction  of 
the  flight -by- flight  spectra  to  some  combination  of  stress  parameters  within 
the  flight.  Statistical  characterization  implies  replacement  of  the  actual 
stress  history  with  a simplified  history  which  produces  equivalent  crack 
growth  behavior. 

With  respect  to  the  parametric  characterization,  the  following  four 
types  of  missions  are  considered  for  fighters:  air-to-air  (A-A) , air-to- 
ground  (A-G) , instrumentation -navigation  and  composite.  Transport 

aircraft  utilizations  are  defined  by  three  flight  profiles:  assault, 
logistics,  and  training.  The  load  spectra  of  these  missions  are  generated 
with  the  aid  of  the  random  process  theory,  satisfying  exceedance  and 
spectral  density  requirements  characteristic  to  their  respective  missions. 

The  crack  growth  rate  per  flight,  dc/dF,  is  evaluated  for  each  of  these 
missions,  taking  the  effect  of  compression  stresses  into  account,  as  a 

function  of  K = 'I'tc),  where  Aa^  represents  the  average  of  the  b-th 

power  of  the  stress  rise  Ao  in  the  stress  history,  and  ip(c)  indicates  a 

function  of  crack  length  c whose  analytical  form  depends  on  the  crack  shape. 

The  unitblock  approach  has  primarily  been  used  for  this  evaluation  with  the 
aid  of  a Fortran  code  called  CYCGRO.  The  CYCGRO  program  is  developed  on  the 

basis  of  the  EFFGRD  program  and  has  a capability  of  integrating  crack  growth 

equations  cycle -by- cycle  under  arbitrary  random  flight-by-flight  load 
spectra. 

The  relationship  between  dc/dF  and  K thus  evaluated  is,  in  general,  a 
nearly  perfect  straight  line  when  plotted  on  the  log-log  scale.  The  two 
parameters  C and  X therefore  completely  describe  the  relationship  dc/dF  = 

C(K)^.  The  crack  length  c under  various  missions  is  then  evaluated  as  a 
function  of  the  number  of  flights  by  integrating  such  a relationship.  The 
integration  is  analytically  carried  out  by  expanding  into  a power 

series  for  the  through- the- thickness  crack.  The  CYCGRO  program  has  been 
used  to  check  the  validity  of  this  approach. 
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A study  is  then  made  to  implement  Method  I , where  an  equivalent 
relationship  for  crack  growth  behavior  under  different  load  spectra  is 
established  and  used  to  develop  equivalent  load  spectra  in  terms  of  constant - 
amplitude  stress  histories  (either  one  cycle  per  flight  or  multiple  cycles 
per  flight) , or  in  terms  of  simplified  (but  not  so  simple  as  constant 
aa^jlitude)  load  spectra.  It  is  found  that  the  simplified  load  spectra  could 
provide  more  realistic  simplifications  for  the  real-life  random  flight-by- 
flight load  spectra  than  constant -amplitude  spectra.  Furthermore,  informa- 
tion on  the  crack  growth  behavior  under  simplified  load  spectra  has  provided 
guidelines  for  the  experimental  methodology  development  performed  in  this 
program.  A study  is  also  made  on  the  implementation  of  Method  II.  In  this 
method,  each  random  mission  segment  is  replaced  by  a constant -amplitude 
spectrum,  and  a flight  is  assumed  to  consist  of  such  constant-amplitude 
mission  spectra,  mission  transitions,  and  a ground-air-ground  cycle.  To 
establish  in  Method  II  the  relationship  among  the  stress  parameters  that  will 
produce  equivalent  crack  growth  behaviors  (under  random  flight-by- flight 
loading  and  under  the  simplified  load  spectra  proposed  in  Method  II) , it  is 
necessary  to  first  establish  the  equivalent  relationship  for  each  individual 
mission  segment  and  then  the  entire  load  spectra.  For  this  purpose,  random 
load  spectra  corresponding  to  three  typical  mission  segments  and  flight 
spectra  consisting  of  these  three  are  generated,  and  the  notion  of  equiva- 
lent average  stress  ratio  is  introduced  and  used  for  crack  growth  calculations 
The  results  are  then  compared  with  those  obtained  by  means  of  cycle-by-cycle 
integration  and  Nfethod  I. 

An  experimental  testing  program  on  crack  grov^Th  for  2219-T851  aluminum 
specimens  contained  through- the- thickness  cracks  has  been  conducted  as 
described  in  Section  3.0.  These  tests  were  performed  under  constant -amplitude 
loading,  simplified  load  spectra,  and  random  load  spectra.  The  constant-ampli 
tude  and  simplified  load  spectra  used  in  the  experiments  were  developed, 
satisfying  the  condition  that  an  equivalent  crack  growth  is  produced  under 
these  spectra  and  the  complex  random  load  spectra.  A comparison  is  then 
given  between  the  experimental  results  and  the  theoretical  predictions  under 
constant -amplitude,  simplified,  and  random  load  spectra. 


4.2  RANDOM  STRESS  SPECTRA 
4.2.1  FIGHTER  AIRCRAFT 

With  the  aid  of  computer  program  SPECCNl,  developed  for  random  stress 
process  simulations  in  Reference  117,  sufficiently  long  cycle-by-cycle  random 
stress  histories  (in  terms  of  peaks  and  valleys)  based  on  the  baseline  load 
spectra  for  the  F-15  aircraft  are  generated  for  A-A,  A-G,  I-N,  and  composite 
maneuvers.  The  generated  peaks  and  valleys  are  in  the  form  of  percentage  of 
design  limit  stress.  The  baseline  spectral  densities  corresponding  to  .A-A, 
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maneuvers  (furnished  by  the  Air  Force)  are  shown  in  Figures  80, 
81,  and  82,  respectively.  A portion  of  the  simulated  sequence  of  peaks  and 

valleys  of  each  of  these  maneuvers  is  given  respectively  in  Figures  83,  84, 
and  85.  ^ > 


Using  these  simulated  stress  histories,  a unitblock  was  constructed 
where  a unitblock  implies  a block  of  flights  most  representative  of  the 
missions  throughout  the  lifetime  of  the  aircraft.  Each  flight  in  the  block 
contains  ground-air-ground  (G-A-G)  cycles  and  all  the  stress  events  in 
between.  To  be  more  specific,  a unitblock  was  constructed  by  selecting  50 
stress  history  segments,  each  corresponding  to  a duration  of  one  flight  and 
each  beginning  with  a valley  stress  and  ending  with  a peak  stress.  The  G-A-G 
cycles  were  inserted  at  the  beginning  and  end  of  each  flight  in  such  a way 
that  in  each  flight  the  first  valley  was  replaced  by  and  the  last  peak  was 
followed  by  the  ground  load.  The  exception  is  that  for  the  first  flight  in 
the  unitblock,  the  first  simulated  stress  rise  was  replaced  by  a stress  rise 
consisting  of  the  ground  load  and  70  percent  of  Hence,  the  magnitude 

of  the  G-A-G  cycles  varies  with  each  flight  in  the  unitblock.  The  maneuver 
durations  per  flight  were  measured  in  terms  of  the  number  of  peaks  and 
valleys  in  the  following  fashion:  A-A  (52  peaks  and  valleys),  A-G  (38  peaks 
and  valleys) , and  I-N  (12  peaks  and  valleys) . These  selections  were  based  on 
the  observed  peak  exceedances  of  those  type  of  maneuvers  per  flight  118)  _ 

The  ground  loads  are  taken  to  be  -5  percent  of  for  A-A  and  I-N  maneuvers, 
and  -10  percent  of  olim  for  A-G  maneuvers.  The  composite  unitblock  is  con- 
structed in  the  following  form: 

11  A-A 
11  A-G 
3 I-N 
11  A-A 
11  A-G 
3 I-N 

50  flights 


4.2.2  TRANSPORT  AIRCRAFT 

A t>TDical  transport  aircraft  utilization  was  defined  by  three  mission  pro- 
files (flights):  assault,  logistics,  and  training.  Each  mission  was  composed 
of  four  mission  segments:  climb,  cruise,  gust,  and  descent.  Ground  loads  were 
inserted  at  the  beginning  and  end  of  each  mission.  The  aircraft  usage  mix  are 
taken  to  be  57 -percent  assault,  5 -percent  logistics,  and  38- percent  training. 
The  number  of  load  cycles,  the  ground  loads  and  the  1 g stresses  for  each 
mission  segment  are  given  in  Table  14. 
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The  stress  histories  for  each  mission  segment  were  obtained  from 


S(t)  = (1  + n{t))  6 


191) 


where  n(t)  is  the  incremental  normal  load  factor  and  8 is  the  conversion 
factor  given  in  Table  14,  The  random  time  histories  n(t)  (in  terms  of  peaks 
and  valleys)were  generated  again  with  the  aid  of  the  computer  program 
SPECGNl  and  the  aid  of  peak  exceedance  diagrams  given  in  References  119  and  120. 
Three  levels  of  loading  intensity  are  considered  by  multiplying  the  peak  and 
valley  values  of  stress  histories  constructed  on  the  basis  of  peak  exceedance 
diagrams  selected  from  References  119  and  120  by  a factor  ^ = 1.0,  1.2  and 
1.4 

The  necessary  input  to  SPECGNl  in  this  case,  is  the  spectral  density 
Sj^  (oj) , the  mean  value  M to  be  used  in  transforming  Gaussian  histories  into 
real  histories,  and  the  power  exponent  R*  to  be  used  in  the  same  transforma- 
tion procedure.  The  explicit  form  of  spectral  density  Sj^  (u)  for  a 
transport -type  aircraft  was  not  furnished  in  the  present  study.  For  simplic- 
ity, a rectangular  form  corresponding  to  a bandwidth  limited  white  noise  is 
assumed: 


S (to)  =S_,  Bto  <to<io 
n 0 c c = = c 


(92) 


= 0,  otherwise 


The  frequency  cutoffs,  8c  ‘^c*  spectral  density  are  determined 

by  the  total  number  of  zero  crossings  per  unit  time  with  positive  slope 


( 93) 
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and  by  the  irregularity  ratio  = >io/^p  where  N'p  is  the  number  of  peaks  per 
unit  time  given  by 


For  the  spectral  shape  used  in  equation  92,  the  irregularity  ratio  is 


R = 
r 


- Bp  (1  - 6=) 


(95) 


Assuming  the  same  value  of  parameter  6^  for  all  mission  segments,  Rj.  is 
constant  for  all  mission  segments.  Then,  the  same  spectral  density  function 
can  be  used  for  all  segments  and  only  Nq  needs  to  be  specified  so  that  the 
frequency  cutoffs  on  the  spectral  density  function  can  be  defined.  From 
equation  93 , 


0)  = Ztt/T  N„ 

c 0 


(1 


(96) 


The  variance  of  the  process  n(t)  can  be  obtained  from 


= S (D 
0 c 


(1  - 


(97) 


hhen  = 0.5,  from  equations  95  , 96  , and  97,  Rj.  = 0.937,  = 8.23  Ng , and 

o-  - 4.12  SqNq,  where  ,Mg  is  measured  in  cycles/sec. 

For  the  case  of  a narrow-band  random  process  (i-e.,  Rj-  ^ 1),  the  cumula- 
tive peak  exceedances  of  the  process  x(t)  can  be  determined  from 


= N e 
0 


2/7  2 
-X  /2a 


(98) 
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Equation  98  is  the  exceedance  curve  for  a narrow-band  Gaussian  random 
process.  The  actual  exceedance  curves  for  a transport  aircraft  exhibit 
non- Gaussian  characteristics.  However,  in  approximation,  these 

exceedances  can  be  taken  to  be  symmetric  with  mean  equal  to  1 g loading. 

To  match  the  actual  exceedance  curves,  Gaussian  random  histories  x(tj  are 
adjusted  through  the  following  transformation: 


R* 

n * x 


(99) 


Substituting  equation  99  into  equation  98  , the  exceedance  curves  for  the 
actual  process  are  obtained  as 


n 


1 100  j 


The  values  of  R*  and  are  unknown  and  are  determined  by  selecting  two 
points  on  the  actual  exceedance  curve.  Selecting  ni  and  n2  as  two  points  on 
the  exceedance  curve  and  Ni  and  N2  as  the  corresponding  peak  exceedances,  we 
obtain  from  equation  100. 


R*  = 2)ln(n2/nj^3y/|'jln{Jln(.yN,}/in(NQ/N^}}j 

0“  = (n^)“^*  /pinfNp/N^jj  (102) 


The  values  of  R*,  o^,  and  Nq  for  the  missions  selected  in  t!iis  study 
are  given  in  Table  15.  These  results  are  based  on  ni  = 0.1  and  n2  = 0.5. 

Peak  exceedances  obtained  from  equation  100  and  from  Refererencesll?  and  US  are 
plotted  in  Figures  86  through  95.  For  comparison,  simulation  results 
obtained  from  SPECGNl  are  also  included  in  these  plots.  We  observe  from 
these  results  that  the  simulated  real-time  histories  fit  closely  to  the  actual 
exceedances  for  low  v'alues  of  incremental  normal  load  factor  n.  The  number 
of  e.xceedances  at  high  values  of  n are  rare  events,  and  the  simulation  would 
not  predict  these  values  without  an  excessive  amount  of  computation  effort. 
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For  the  purpose  of  crack  growth  evaluation,  a composite  unitblock 
consisting  of  21  flights  is  constructed  in  the  following  form: 


5 Assault 

2 Training 

3 Assault 

2 Training 

3 Assault 

2 Training 

3 Assault 
2 Training 
1 Logistics 

21  Flights 

The  number  of  cycles  for  each  mission  segment  is  given  in  Table  14,  The 
average  number  of  cycles  per  flight  for  the  composite  unitblock  is  taken  to 
be  equal  to  133.  Peaks  and  valleys  for  each  mission  segment  are  generated 
using  SPECGNl  and  data  given  in  Table  15, 


4.5  CR.ACk  GROimj  ESTIMATION  BY  METICD  I 


Simplification  of  the  flight -by- flight  stress  histories  generated  in 
Paragraph  4.2  begins  with  the  introduction  of  the  notion  of  crack  growth  rate 
per  flight,  dc/dF,  and  requires  the  following  steps  to  be  taken. 

1.  A particular  combination  of  stress  parameters  defined  in  Para- 
graph 4.2  (such  as  spectral  density  function,  e.xceedance  curve, 
irregularity  ratio,  ground  stress  level,  etc)  is  selected. 

2.  Sajnple  stress  histories  are  generated  as  described  previously  for 
all  missions  and  mission  segments  considered  in  this  combination. 
Repeating  the  same  procedure  times  to  produce  consecutive 
sajnple  flight  spectra,  a block  of  flights  called  a unitblock  is 
constructed. 

3.  A computer  code  for  the  cycle -by-cycle  crack  growth  estimation 
(Q'CGRO)  is  used  to  evaluate  the  crack  growth  Ac  due  to  the  unit- 
block  flight  spectra  under  a prescribed  number  of  different  values 
of  initial  crack  size  eg.  Then,  dc/dF  can  be  evaluated  as  Ac/N^. 

4.  Establish  the  following  relationship  on  the  basis  of  the  foregoing 
numerical  results 

dc/dF  = ClK)^ 
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where  K is  a measure  of  the  stress  intensity  factor  representing  the 
overall  effect  of  the  unitblock  on  the  c^rack  propagation.  For 
dc/dF  = Ac/Ni^  to  be  plotted  against  K,  K needs  to  be  estimated  at  a 
number  of  different  values  of  crack  size  c.  The  crack  size  at  the 
end  of  each  unitblock  is  calculated  from 


(104) 


in  which  cgj  are  the  selected  values  of  the  initial  crack  size  Cq  and 
(Ac);  is  the  incremental  change  in  the  crack  size  under  a unitblock 
loading.  The  values  for  the  initial  crack  size  Cgj  are  selected  in 
such  a way  that  they  cover  the  full  range  of  crack  size  from  that 
corresponding  to  the  Initial  flaw  to_that  expected  at  the  failure. 

The  average  stress  intensity  factor  K is  written  as 


K = 


/^\l/b 
lAa°;  ^(c) 


where  Aa^^  represent  the  statistical  average  of  the  b-th  power  of  the 
stress  rise  Aa  in  the  stress  history,  and  ip(c)  is  a function  of 
crack  size  c whose  analytical  form  depends  on  the  crack  shape.  For 
example,  for  a centered  through- the -thickness  crack 


t|;(c)  = /me  /sec  (ttc/w) 


(105) 


where  w is  the  width  of  the  plate. 

5.  Each  of  these  generated  flight  spectra  (Figure  96a)  representing  a 
particular  combination  of  the  stress  parameters,  with  the  rate  of 
crack  growth  evaluated  in  the  form  of  equation  103,  is  then  replaced 
by  a constant -amplitude  stress  spectrum  (Figure  96b)  with  the 
equivalent  rate  of  crack  growth.  Details  of  such  an  equivalence  rela- 
tionship are  described  in  Paragraphs  4.5  and  4.6.  In  an  equivalent 
constant-anplitude  stress  spectru,  one  flight  may  be  represented  by 
one  stress  cycle  or  a number  of  stress  cycles.  The  same  procedures  are 
then  repeated  for  other  combinations  of  stress  parameters,  resulting 
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— r l-/b 

m corresponding  values  of  C,  A,  and  CAo°)  and  also  in  corresponding 
equivalent  constant -amplitude  stress  spectra.  Thus,  we  now  have  a 
number  of  sets  of  parameters 


J 

C,,  A^. 

and  a number  of  crack  growth  laws  applicable  to  each  of  the  stress 
parameter  combinations: 

- 

dc/dF^  = 

~ ^2 

dc/dF,  = C^CK^) 

(106) 

- 

dc/dF^  - 

where  N is  the  total  number  of  stress  parameter  combinations  to  be 
considered.  Hence,  the  problem  of  mission  mix  can  also  be  solved  by 
using  equation  106,  choosing  only  those  equations  pertinent  to  the 
missions  in  the  mix  and  applying  them  in  the  sequence  corresponding 
to  the  mix. 

6.  The  crack  growth  per  flight  is  estimated  by  solving  equation  103  (or 
106).  Such  a solution  can  be  obtained  by  numerical  integration  of 


c 


0 


(107) 
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However,  this  way  of  obtaining  the  solution  is  inefficient  if  the 
required  number  of  numerical  integrations  is  large.  By  expanding 
the  function  into  a polynomial 


n 

f , ”X/2  \ ' , i ” 1 

[4'Cc]]  = c 2,  c (108) 

i=l 

and  estimating  the  coefficients  Ai-;^  fitting  the  polynomial  to 
)]'^,  a closed  form  solution  for  c can  be  obtained: 

^ [^(2A._^)/(2i-M]  = c(Aa^)  ^ (F)  (109) 

i-1 

If  one  of  the  terms  in  the  left  side  of  equation  109  satisfies 
X = 2i,  then  that  term  should  be  replaced  by 

A._^  ln(c/Cp)  (110) 

The  polynomial  fit  is  performed  for  the  through- the -thickness-tvpe 
cracks  for  which  the  function  iJjCc)  is  given  in  equation  105.  In 
Figure  97,  the  relative  error  in  fitting  the  curve  ['i'(c)]  to  the 
polynomial  with  a different  number  of  terms  is  plotted  as  a function 
of  the  ratio  c/w.  As  can  be  observed  from  these  results,  a poly- 
nomial consisting  of  10  terms  gives  a good  fit  for  c/w  ^ 0.46  which 
covers  the  practical  range  for  the  crack  growth.  From  equation  109, 
the  solution  corresponding  to  ’l)(c)  given  in  equation  105  is 


2 

i=l 


(2A._j)/(2i-A)w 


X/2 


(c/w) 


2i-X/2 


(Cq/w)' 


7i-X/2 


^.X/b 


= c(Aa^) 


CF) 


(111) 

In  Figure  98,  the  crack  length  c is  plotted  as  a function  of  the  number  of 
flights  using  the  solution  given  in  equation  111  for  X = 5.4,  C = 1.85  x lO'h, 
w = 6 in,  and  N = 10.  For  comparison,  the  solution  for  c obtained  by  cycle -by - 
cycle  integration  of  equation  103  (CYCGRO)  is  included  in  this  plot.  It  can  be 
observed  from  these  results  that  the  agreement  between  these  two  solutions  is 
e.xcellent. 
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4.4  CR/VCK  Ca^Ql\rrH  UNDER  RANDOM  LOADING 


The  methodology  described  in  Paragraph  4.3  is  now  applied  to  establish 
the  equivalent  crack  growth  under  random  loading  anc.  simplifed  loading  for 
fighter  and  transport  aircraft.  The  generation  of  random  flight-by- flight 
load  spectra  for  these  aircraft  is  performed  by  the  method  described  in 
Paragraph  4.2. 


4.4.1  FiaiTER  SPECTRA 

— b — 5 

The  parameters  X,  C,  (Aa°)  , and  the  product  C(Aa  } are  calculated 

for  a through- the -thickness  crack  using  the  uni tb lock  approach  under  A-A,  A-G, 
I-N,  and  composite  maneuvers  for  F-15  aircraft.  One  unit block  here  contains 
50  flights.  In  this  procedure,  several  values  of  initial  crack  size  cq  are 
selected  and  the  crack  growth  is  estimated  in  each  case  for  one  uni tb lock. 

The  sensitivity  of  the  parameters  X and  C to  the  number  of  initial  crack  sizes 
to  be  considered  has  been  investigated,  and  it  has  been  observed  that  seven 
to  20  initial  crack  sizes  are  adequate  to  evaluate  X and  C for  the  crack 
growth  estimation.  The  results  are  obtained  with  and  without  the  effect  of 
compressive  stresses.  The  compressive  stresses  result  from  the  ground  loads 
and  manuever  e.xcursions  into  negative  stress  regions  as  shown  in  Figures  83, 
84,  and  85. 

The  crack  growth  rate  per  flight  with  and  without  compression  stresses 
taken  into  consideration  is  shown  in  Figures  99  and  100,  respectively.  The 

resulting  values  of  A,  C,  (Aa^j  , and  the  product  ClAa^’J  ' with  b = 2 are 
obtained  from  Figure^  99  and  100  and  shown  in  Tables  16  and  17  for  three 
different  ranges  of  K: 


K < 


K 


IC 


K < K 


IC 


where  = threshold  stress  intensity  factor  and  = critical  stress 
intensity  factor.  For  the  present  stud>',  KpH  ^ --5  ksi/TiTT,  Kjj-  = 33  ksik'TrT 
I plane  strain),  and  K(-  = 66  ksi/in.  (plane  stress). 
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Similar  results  are  presented  in  Tables  18  and  19  for  olIj\|  = 50  ksi,  and 
c^LlM  ■ respectively.  From  direct  comparison  of  the  results  show:  in 

Tables  16  and  17,  it  can  be  observed  that  the  effect  of  compressive  stresses 
is  to  increase  the  value  of  parameter  C,  while  the  parameter  a changes  only 
slightly.  The  value  of  C also  increases  with  increasing  value  of  design 
limit  stress  o^im-  The  parameter  A decreases  slightly  with  increasing 
Using  the  results  given  in  these  tables  and  the  closed-form  solution  of  the 
steady-state  equation  111,  the  crack  growth  behavior  is  evaluated  as  a func- 
tion of  the  number  of  flights.  In  Figures  101,  102,  and  103,  the  crack  length 
c is  plotted  as  a function  of  the  number  of  flights  for  initial  crack  size 
Cq  = 0.02  in.,  Cq  = 0.2S  in.,  and  cq  = 0.5  in.,  respectively.  These  results 
are  obtained  for  OLUq  = 20  ksi  with  and  without  considering  the  effect  of  the 
compressive  stresses.  From  these  results  it  can  be  observed  that  with  the 
compressive  stresses  considered,  the  number  of  flights  to  reach  critical  crack 
size  decreases  by  about  40  percent.  The  sensitivity  of  crack  growth  to 
different  design  limit  stress  values  is  demonstrated  in  Figures  104  and  105 
for  the  case  where  c^  = 0.25  in.  These  results  are  sunmarized  in  Figure  106 
for  a composite  maneuver  load  spectra  input. 

The  numerical  results  presented  in  Figures  99  through  106  and  Tables  16 
and  19  are  calculated  using  = 1.7203  x 10'^,  n = A^  = 3.415,  m = 0.30145, 

and  K-pH  = 2.5  ksi/iiu  where  and  are  the  proportionality  constant  and 

power  exponent  in  the  Walker  crack  growth  rate  model  and  m is  a shape  factor 
which  accounts  for  the  effect  of  the  stress  ratio  R = crmin/^max- 

Recently,  new  parameter  values  have  been  estimated  using  the  fatigue  crack 
growth  data  generated  from  the  baseline  testing  as  described  in  Paragraph 
3. 2. 2.1.  These  new  parameter  values  are  = 8.367  x lO'^O^  n = = 3.640, 

m = 0.6,  and  Kyu  = 1.5  ksi/Tru  The  crack  growth  rate  per  flight,  the  parameter 

/ — i-\l/b  / — t;VVb  1 - . • 

values  of  A,  C,  \&a°}  (b  = 2) , and  the  product  are  obtained  using 

these  values  for  A- A,  A-G,  I-N,  and  composite  random  load  spectra.  The  crack 

growth  rates  per  flight  corresponding  to  opiM  = 20,  50  and  40  ksi  are  sho\\ni 

in  Figures  107,  108,  and  109,  respectively.  The  resulting  values  of  A,  C, 

and  the  product  evaluated  by  the  uni tb lock  method  are 

given  in  Tables  20,  21,  and  22,  Using  these  results,  the  crack  growth 
behavior  is  evaluated  as  a function  of  the  number  of  flights  and  is  plotted 
in  Figures  110  through  113.  All  results  presented  with  the  new  material 
parameter  values  include  the  effect  of  compressive  stresses. 


4.4.2  TRANSPORT  SPECTRA 

The  cycle -by -cycle  random  stress  histories  are  generated  in  terms  of 
peaks  and  valleys  following  the  procedure  described  in  Paragraph  4.2.2.  As 
mentioned  also  in  Paragraph  4.2.2,  three  levels  of  loading  intensity  repre- 
sented by  n = 1.0,  1.2,  and  1.4  are  considered. 
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Parameters  \ and  C per  fligiit  and  per  cycle  are  estimated  using  the 

imit block  approach.  The  resulting  values  of  X,  C,  (ao^)  and  the  product 

/ — 

C\Ao  / with  b = 2 are  shown  in  Table  25.  Tlie  crack  growth  rate  per  c\'cle 
corresponding  to  random  loading  of  a transport  aircraft_is  plotted  in 
Figure  114  against  the  average  stress  intensity  factor  K.  Tlie  corresponding 
crack  growth  is  plotted  as  a function  of  the  number  of  flights  in  Figure  115. 

4.5  CRACK  GROWTH  ESTIMATION  PER  FLIGFTr  UNDER  CONSTANT -AMPLITUDE  LO.AD  SPECTR.4 

One  of  the  major  tasks  of  the  current  program  is  the  development  of  the 
methods  that  characterize  the  coinple.x  real-life  flight -by- flight  load  spectra 
and  replace  them  by  simplified  equivalent  load  spectra,  equivalent  in  the 
sense  that  they  produce  the  same  crack  growth  behavior.  The  simplest  of 
these  equivalent  load  spectra  is  obviously  the  constant -amplitude  spectra. 

Uhile  a little  more  complex  and  much  more  realistic  spectra  can  be  construc- 
ted to  replace  the  real-life  spectra,  as  is  considered  later,  the  anal\'sis 
herein  is  performed  for  the  crack  growth  estimation  under  the  constant- 
amplitude  load  spectra  with  maximum  stress  e^iax  minimum  stress 

to  establish  the  conditions  of  analytical  equivalence  between  the  real -life 
flight-by-flight  and  constant -amplitude  load  spectra.  Figure  116  illustrates 
such  a constant -amplitude  load  spectrum  where  one  flight  may  be  represented 
by  n constant -amplitude  cycles. 

The  analysis  reported  herein  uses,  under  the  assumption  that  one  flight  con- 
sists of  one  cycle  (n  = 1),  the  CYCGRD  program  in  conjunction  with  the  unit- 
block  approach,  resulting,  for  example,  in  the  estimated  values  of  A,  C, 

(aq^)^^^,  and  c(Aa*^)'^^^.  In  Tables  24,  25,  and  26,  respectively  for  apiM  20, 
50,  and  40  ksi , these  values  are  listed  for  60  different  combinations  of  Oniaxi 
^min,  and  R values  (omax  = 30,  40,  ...,  120  percent  of  apiM,  and  R = -0.1,  0, 

0.1,  ...,  0.4).  Since  each  flight  is  considered  here  to  consist  of  one  cycle 
of  tlie  stress  rise  and  fall  and  one  unitblock  contains  50  flights  as  usual, 
one  unitblock  is  made  up  of  50  such  cycles.  It  is  noted  that,  under  the 

constant -amplitude  load  spectra,  [ao'^)^  ^ = Aa  = = stress  rise  by 

definition.  In  Tables  24,  25,  and  26,  the  maximum  stress  is  expressed  in 
terms  of  tlie  percentage  of  the  design- limit  stress  cpjni,  which  is  assumed  to 
be  20,  50,  and  40  ksi  for  the  numerical  analysis.  For  tlie  purpose  of  com- 


parison, the  values 


corresponding  to  .4- A, 


•A-G,  and  composite  maneuvers  derived  from  F-15  baseline  spectra  are  also 

included  in  these  tables. 

These  results  indicate  that  the  parameter  \ varies  very  little  as 
different  load  spectra  are  considered,  provided  that  we  deal  with  the  same 
material  and  the  same  crack  geometry.  This  fact  suggests  that  an  equivalent 
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crack  growth  behavior  is  expected  in  approximation  under  those  load  spectra 

/ — r\  Vb 

which  produce  nearly  identical  values  of  the  product  C\Ao^} 


In  view  of  such  significance,  this  product  is  plotted  for  the  case  of 
constant -amplitude  load  spectra  as  a function  of  the  maximum  stress  0^^^  in 
Figures  117  and  118,  respectively,  for  R = 0 and  R = 0.1.  In  both  diagrams, 
the  curves  associated  with  n = 1 are  constructed  directly  from  Table  24, 
while  those  associated  with  n = 2,  5,  and  10  are  constructed  from  the  curves 
with  n = 1.  To  be  specific,  the  curve  with  n = k Ck  = 2,  5,  10)  is  obtained 
by  shifting  the  curve  with  n * 1 in  the  same  diagram  upward  so  that  it  will 

/ — 

have  the  value  of  C\Aa°J  equal  to  k times  for  n = 1 at  each  value  ot  Omax- 

/— irVVb  , 

This  method  of  constructing  the  relationship  between  C\^a° j and  Cuiax  Iwith 
R as  a parameter)  is  acceptable  for  the  following  reasons.  Since,  whether 
or  not  one  flight  consists  of  multiple  cycles,  the  relationship  between  dc/dN 
and  the  total  number  N of  constant-amplitude  stress  cycles  is  unique,  an 
approximation  dc/dF  = k dc/dN  is  valid  and,  hence,  C for  n = k is  approx- 
imately equal  to  C for  n ® 1 so  long  as  k is  not  very  large.  The  product 
/— K\A/b 

C\Aa°^  is  further  plotted  on  the  log-log  scale  for  the  case  ot  constant- 
amplitude  load  spectra  as  a function  of  the  maximum  stress  in  Figures  119, 

120,  and  121  for  = 20  ksi,  qlim  “ 30  ksi,  and  olIM  = 40  ksi,  respectively, 

and  for  the  stress  ratio  R ranging  from  R = -0.1  to  R * 0.4 


In  Figures  117  and  118,  the  values  of  the  product  c(ao^)  ^ for  the  load 
spectra  corresponding  to  composite  maneuvers  are  indicated  by  dashed  lines 
for  both  cases  with  and  without  the  effect  of  the  compression  stress  taken 
into  consideration.  An  equivalence  of  the  crack  growth  behavior  then  exists, 
for  example,  between  the  composite  spectrum  and  the  constant -amplitude  load 
spectrum  with  = 100  percent  in  approx  mat  ion  and  Oniin  = 0 as  indicated  in 

Figure  117.  Thus,  this  constant- amplitude  spectrum  is  an  "equivalent  constant- 
ampli tilde  load  spectrum"  to  the  composite  spectrum  when  one  flight  consists  of 
one  stress  cycle  (n  = 1 J . 


The  crack  growth  rates  per  flight  under_constant- amplitude  load  spectra  are 
plotted  against  the  stress  intensity  factor  K in  Figures  122,  123,  and  124  for 
OLIM  = 20  ksi,  olim  = 30  ksi,  and  glim  = 40  ksi,  respectively.  These  results 
are  obtained  for  =120  percent  of  OLif,]  and  six  values  of  the  stress  ratio 

R.  The  14  crack  growth  rates  dc/dF  estimated  by  means  of  the  unitblock 
approach  are  shown  by  solid  circles  onl>^  for  the  case  of  o,y,ax  " ^20  percent, 

R = 0.4,  and  o^jr^j  = 20  ksi  (Figure  122)  to  illustrate  how  well  a straight  line 
can  be  interpolated  {with  the  aid  of  the  least-square  method)  through  these 
solid  circles  and  how  little  they  scatter  around  the  straight  line.  Tlie  trend 
is  the  same  for  all  other  cases  for  which  only  the  interpolated  straight  lines 
are  shoim.  The  crack  growth  behaviors  corresponding  to  R = 0.4  and  -0.1  are 
shown  in  Figures  125,  126,  and  127,  where  the  crack  length  c is  plotted  as  a 
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function  of  the  number  of  flights  for  initial  crack  size  cq  = 0.25  in.  For 
the  pLii*pose  of  comparison,  crack  growth  behaviors  under  A- A,  A”G,  and  composite 
maneuver  spectra  are  also  shown  in  these  figures. 

As  mentioned  earlier,  under  constant -amplitude  load  spectra,  dc/dF  can  be 
calculated  in  approximation  as  n dc/dN  when  one  flight  consists  of  n cycles. 

In  estimating  the  parameters  X and  C under  these  circumstances,  however,  the 
unitblock  approach  is  taken  with  each  uni tb lock  consisting  of  50,000  cycles, 
and  the  number  of  cycles  involved  in  the  unitblock  depends  on  the  value  of  n. 
The  values  of  A and  C then  reflect  this  fact  to  the  extent  that  the  crack 
length,  when  plotted  as  a function  of  the  total  number  N of  the  cycles  applied, 
is  not  quite  identical,  depending  on  the  value  of  n.  Figure  128  illustrates 
such  a discrepancy,  which,  however,  is  not  very  large.  The  computation  based 
on  the  single-cycle-per- flight  approximation  can  therefore  be  used  with  reason- 
able accuracy  to  predict  the  crack  growth  behavior  under  multiple-cycles- 
per- flight  conditions. 

The  maximum  and  minimum  stresses  for  the  constant -amplitude  n- cycles -per- 
fUght  spectra  can  be  selected  from  Figures  117  and  118.  For  example,  to 
simulate  the  crack  growth  corresponaing  to  composite  load  spectra  with  com- 
pressive stress  effect  considered,  we  select  one  of  the  following  for 

D - M 


a „ * 100  percent  (20  ksi),  n * 1 

I lid  A 

o = 84  percent  (16.8  ksi),  n = 2 

mdX 

'^max  ^ percent  (12.8  ksi),  n = 5 
a = 55  percent  (10.7  ksi),  n = 10 

iridiX 

The  crack  growth  corresponding  to  A -A,  .A-G,  and  I-N  maneuver  spectra  can  be 
simulated  by  constant -amplitude  loading  in  a similar  fashion  for  which  the 
maximum  and  minimum  stress  amplitudes  are  selected  again  from  Figures  117  and 
118.  Similar  procedures  can  be  implemented  for  different  stress  ratios  R and 
different  values  of  limit  design  stress  using  the  results  given  in 

Figures  119,  120,  and  121. 


^•6  CRACK  GR0;\nH  ESTIMATION  PER  FLIGHT  LfNDER  SIMPLIFIED  LOAD  SPECTRA 

The  same  equivalence  relationship  introduced  in  the  preceding  section  is 
used  in  the  crack  grovvth  estimation  under  simplified  load  spectra  of  increasing 
complexity,  as  shown  in  Figures  129,  150,  and  151.  Each  of  these  load  spectra 
is  assumed  to  represent  one  flight.  At  the  present  time,  the  analysis  is 
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limited  to  the  values  of  the  stress  ratio  R = bet^veen  -0.15  and  0.45. 

The  proposed  simplified  load  spectra  are  characterized  by: 


1.  Stress  levels  and  the  number  of  stress  cycles  n 

(Figure  129) 

2.  Stress  levels  '^min*  ^min’  °mi  ’ number  of  two-step 

stress  cycles  nj  and  n2  CFigure  130^ 

3.  Stress  levels  the  number  of 

two-step  ground  cycles  nj^  and  n2,  and  the  number  of  two-step  flight 
stress  cycles  n3  and  04  CFigure  131) 


These  load  spectra  provide  a large  number  of  possible  parameter  varia- 
tions. To  achieve  the  equivalent  crack  growth  behavior  under  this  type  of 
loading,  a trial -and-error  procedure  needs  to  be  implemented  until  the  desired 

/ — c\A/b 

value  of  the  product  C\Aa^/  is  reached.  To  save  computation  time,  only  a 
limited  number  of  parameter  variations  is  considered.  This  is  achieved  by 
preselecting  constant  values  for  spectra  shown  in  Figures  129 

and  130,  and  ^min*  '^max'  ^1*  ^2  spectra  given  in  Figure  131. 

The  selected  stress  levels,  the  number  of  cycles,  the  stress  variations,  and 
the  corresponding  missions,  for  which  the  equivalent  simplified  load  spectra 
are  prepared,  are  given  in  Tables  27,  28,  and  29.  The  designated  test  cases 
performed  in  the  phase  I methodology  development  test  program  are  indicated 


in  these  tables.  The  estimated  values  of  A.,  C,  and  C^A<r'^) 


,A/b 


corresponding  to  load  spectra  in  Tables  27,  28,  and  29  are  given  in  Tables  50, 

31,  and  52,  For  the  purpose  of  comparison,  the  values  for  X,  C, 

/— rXl/b  /— i:\X/b 

\ha^l  , and  C\Ag^I  corresponding  to  A- A,  .^-G,  I-N,  and  composite 
maneuvers  derived  from  F-15  baseline  spectra  are  also  included  in  ;these 
tables.  All  values  of  A,  C,  etc,  are  determined  from  the  dc/dF  - K relation- 
ship (Figures  132  through  136)  constructed  with  the  aid  of  the  unitblock 
approach,  with  one  unitblock  consisting  of  50  flights.  The  smallest  initial 
crack  considered  in  the  approach  Is  Cq  = 0.02  in.  Figures  132  through  156 
indicate  that  the  values  of  dc/dF  under  the  simplified  load  spectra  jump 
upward,  as  K Increases,  by  a significant  amount  at  around  K = K-pj-j.  This  jump 
results  from  the  fact  that,  depending  on  the  shape  of  the  simplified  load 
spectra  and  on  the  value  of  initial  crack  size  Cq,  in  some  cases  only  the 
G-A-G  cycles  contribute  to  crack  growth  at  the  beginnijig,  while,  as  the  crack 
grows,  its  size  eventually  reaches  a value  for  which  K > Kyn  ever>'  stress 
cycle,  thus  producing  a rather  sharp  increase  in  dc/dF.  At  any  rate,_because 
of  this,  the  values  of  X,  C,  etc,  are  listed  for  different  ranges  of  K in 
Tables  30,  31,  and  32.  The  values  listed  for  the  range  "(1)''  are  evaluated 
by  the_least-square  method  using  only  those  points,  if  any,  that  fall  in  the 
range  K 4 Kjh  2.5  ksivTrT)  in  the  log-log  plot,  while  the  values  listed  for 


80 


the  range  ”(2)"  are  obtained  from  the  points  falling  in  the  range  K < K < K 
The  values  under  the  category  "(3)''  are  estimated  by  using  all  these  points  ^ 

combined.  For  comparison  of  equivalent  crack  growth  behavior,  however,  it 

/ — 

appears  reasonable  to  use  the  values  of  the  product  C\Aa  / corresponding 
to  the  range  (2).  Then,  for  e.xample,  the  composite  maneuver  load  spectra 
can  be  approximated  by  M-b4  (case  II),  M-72  (case  IV),  or  M-78  (case  IV). 

In  Figures  137  through  141,  the  values  of  the  product  c(dohj  are  plotted 

as  functions  of  rms  stress  values  for  the  simplified  load  spectra  shown  in 
Figures  129,  130,  and  131.  For  example,  three  circles  in  Figure  137  txpiically 
indicate  such  a plot  for  the  spectrum  M-61,  with  a dashed  curve  representing 
an  interpolation.  The  values  of  the  same  product  and  corresponding  rms 
stress  values  for  A- A,  A-G,  I-N,  and  composite  maneuvers  are  also  indicated  in 
Figures  137  through  141.  For  example,  a cross  mark  in  Figure  137  indicates  the 
value  of  the  product  and  the  corresponding  rms  stress  value  associated  with 
the  A- A maneuver.  Figure  137  further  indicates  that  the  cases  III  and  IV, 
respectively,  of  M-61  and  M-69  spectra  are  the  simplified  spectra  providing 
the  crack  growth  behaviors  closest  (among  those  tried)_to  that  under  the  A- A 
maneuver.  Indeed,  this  is  the  reason  why  the  dc/dF  - K relationships  of 
these  two  cases  are  compared  with  that  of  the  A-A  maneuver  in  Figure  132. 
Similarly,  Figures  133  through  156  plot  the  dc/dF  - K relationships  for  those 
cases  that  produce  the  crack  growth  behaviors  closest  to  those  under  A-G, 

I-N,  composite,  and  A-A  maneuvers , respectively. 


The  results  given  in  Figures  132  through  141  and  Tables  30  through  32  are 
obtained  using  = 1.7203  x 10"^,  n = = 3.415,  m = 0.30143,  and  Kjh  = 

2. 5 ksi/in.  The  same  analysis  is  repeated  with  new  parameter  values : = 

8.367  X 10*^*^,  n = = 3.640,  m = 0.6,  and  Kyu  =1.5  ksi/TiT  The  estimated 

/ — u\l/h  / — R V 

values  of  A,  C,  , and  corresponding  to  the  load  spectra 

given  in  Table  33  are  shown  in  Table  34.  Using  these  results,  the  crack  growth 
is  estimated  as  a function  of  the  number  of  flights  and  is  plotted  in 
Figures  142  through  149. 


The  equivalence  condition  between  random  flight- by- flight  and  simplified 
load  spectra  has  thus  been  established  for  a fighter  aircraft.  A similar 
equivalence  relationship  can  be  established  for  a transport  aircraft.  Again, 
a trial -and- error  procedure  is  implemented  until  the  desired  value  of  the 
( — 

product  C\Ao° j is  reached.  The  selected  stress  levels,  the  number  of 
stress  cycles,  the  stress  variations,  and  the  corresponding  missions  for 
which  the  equivalent  simplified  Load  spectra  are  prepared  are  given  in 

/ — r\l/b  / — R\A/b 

Table  55.  The  estimated  v'alues  of  A,  C,^Aa°y  , and  corresponding 

to  load  spectra  in  Table  35  are  given  in  Table  36  From  the  results  given  in 
Tables  23  and  36,  the  equivalence  between  random  flight -by- flight  and  simpli- 
fied load  spectra  can  be  established.  The  equivalent  simplified  load  spectra 
arc  given  in  Table  37.  The  results  given  for  transport  aircraft  are  obtained 
using  only  the  new  material  parameter  values  discussed  earlier. 
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4.7  CRACK  GRO;mi  ESTIMATION  BY  METHOD  II 


Method  I may  not  be  appropriate  for  tracking  and  preliminary  design 
purposes  because  it  requires  repeated  use  of  a sophisticated  computer  code 
over  a block  of  well-established  flight  spectra,  while  the  spectra  are 
usually  not  well  defined  in  tracking  situations  or  at  the  preliminar\' 
design  stage.  Method  II,  presented  herein,  is  a potential  alternative 
under  the  circumstances  and  also  can  be  used  to  cover  those  combinations 
of  the  stress  parameters  that  are  not  considered  in  Method  I for  reasons 
of  economics  as  well  as  of  importance.  The  method  consists  of  the 
following  steps: 

1.  Choose  particular  combinations  of  the  stress  parameters  to  be 
considered. 

2.  Identify  all  mission  segments  involved  in  these  combinations.  A 
mission  segment  is  identified  by  its  mean  or  reference  value, 
duration,  exceedance  curve,  and  underlying  spectral  density 
function. 

3.  Generate  sample  stress  histories  for  all  these  mission  segments  with 
aid  of  SPECGNl  program,  described  earlier.  For  each  mission  segment, 
a sample  function  of  the  random  process  representing  this  mission 
segment  is  generated.  The  duration,  however,  must  be  long  enough 

to  eliminate  the  possible  large  fluctuation  in  the  statistical 
property  of  such  a sample  function  of  finite  length  that  will  be 
particularly  pronounced  for  a sample  function  of  a narrow-band 
process  of  short  duration. 

4.  Use  cycle -by -cycle  integration  with  aid  of  CfCGRO  program  or  unit- 
block  approach  to  establish  a curve  relating  crack  size,  c,  to 
number  of  (rise  and  fall)  cycles,  n,  using  generated  sample  stress 
histories. 

5.  Establish  the  following  relationship  for  each  mission  segment; 


(dc/dN) . = C 
1 w 


Ag.(UCcJ/(1  - 


A 

w 


(112) 


/— Tr\l/b 

vdiere  Ao^  = is  b-th  root  of  average  of  b-th  power  ot  rise 

of  stress  history  of  i-th  mission  segment,  C^,  A^,  and  m are  material 
constants,  and  Req  is  average  equivalent  stress  ratio  selected  in  such 
a way  that  an  equivalent  crack  growth  can  be  obtained  between  random 
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flight-by-flight  and  constant -amplitude  load  spectra  (discussed  in 
later  paragraphs  in  more  detail) . 

b.  Use  equation  112  for  each  mission  segment  to  evaluate  crack  growth 
during  that  mission  segment.  Note  that  each  mission  segment  has 
now  been  reduced  to  equivalent  stress  cycles  around  its  mean  stress 

with  a constant  amplitude  equal  to  (Aob)  , as  schematically  shown 
in  Figure  150.  Unlike  Method  I,  however.  Method  II  requires  the 
evaluation  of  the  effect  of  mission  segment  transitions  on  the 
crack  growth.  The  mission  segment  transitions  in  the  present 
idealization  of  the  spectrum  (Figure  150)  essentially  produce 
acceleration  and  retardation  effects.  To  calculate  crack  growth 
for  the  rise  transition  with  intensity  Ao^  = OnwY  - Omin  a-nd 
^ = %in/'^max»  ^e  use 


Ldc/dN).  = C 
1 w 


Aa^i(j(c)/Cl  - R) 


1-m 


A 

w 


(115) 


The  crack  growth  for  the  cycle  (or  cycles)  immediately  following 
the  transition  cycle  is  determined  from 


(dc/dN) . 


C a 
w 


Aa  i)/Cc)/Cl  - R ) 


A 

w 


(114) 


where  the  parameter  a needs  to  be  determined  e.xperimentally.  A 
computer  code  (METiDDH)  has  been  developed  to  integrate 
equations  112,  115,  and  114  for  the  simplified  load  spectra  shown 
in  Figure  ISO. 
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4.7.1  ESTIMATION  OF  .AVERAGE  EQUIVALENT  STRESS  RATIO  Req  .AND  CRACK  GROUTU 
PREDICTION  FOR  DIFFERENT  MISSION  SEGMENTS 

The  equivalent  stress  ratio  Rgq  plays  a major  role  in  implementing 
Method  II.  To  demonstrate  this,  first  a random  £light-by-flight  load  spectrum 
consisting  of  three  distinct  mission  segments  is  generated  using  the  SPECGNl 
program  with  the  following  input  data: 

S(f) 


Case  I F-15  baseline 

for  I-N  maneuvers 

Case  II  F-15  baseline 

for  A-G  maneuvers 

Case  III  Gaussian  white 

noise  S = 2000 
for  0 < f 1 0.1; 
otherwise,  S = 0 

where  SCf)  = spectral  density  function  in  of  design  limit  stress) “/Hi, 
f = frequency  in  Hz,  M = mean  value  to  be  used  in  mapping  procedure  to 
transform  Gaussian  histories  into  real-time  histories,  and  R*  = power 
exponent  to  be  used  in  the  same  mapping  procedure.  In  addition,  one 
composite  flight  is  constructed  Cease  IV)  by  taking  50  cycles  per  flight, 
the  first  20  cycles  of  which  are  taken  from  case  I,  the  second  20  cycles 
are  from  Case  II,  and  the  last  10  cycles  from  Case  III,  and  by  adding 
ground  loads  of  ~10%  of  aLnqat  the  beginning  and  the  end. 

Using  the  unitblock  approach,  the  parameters  1 and  C are  estimated  per 
cycle  for  all  four  cases  and  also  per  flight  for  case  IV  where  one  flight  is 
well  defined.  Several  values  of  initial  crack  size  cg  are  selected, _with  the 
smallest  being  Cg  = 0.02  in.  The  crack  growth  for  one  unitblock  is  estimated 
for  each  of  these  initial  crack  values  and  divided  by  the  number  of  cycles  in 
a unitblock  (500,  1,000,  and  1,000,  respectively,  for  cases  I,  II,  and  III) 
to  obtain  the  crack  growth  rate  per  cycle  dc/dn  and  by  the  number  of  flights 
in  a unitblock  (25)  to  obtain  the  crack  growth  rate  per  flight  dc/dF  (for 
case  IV).  The  crack  growth  rate  per  cycle  dc/dn  is  plotted  as  a function  of  _ 
K in  a log- log  diagram,  as  shown  in  Figure  151.  TIte  stress  intensity  factor  K 
is  evaluated  from 


M 

R* 

““ 

6ii  of  design 
limit  stress 

1.7 

6.5“5  of  design 
limit  stress 

1.6 

40'ii  of  design 
limit  stress 

0.8 

{115) 
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I — 1/b  — 

where  = root  mean  square  stress  with  b = 2,  R = average  stress  ratio 

(defined  in  the  following),  m = material  constant,  and  tjj(c)  = /ttc  /sec(.7Tc/w) 
for  tJre  through -the -thickness  crack  with  w = plate  width.  The  results  shown  in 
Figure  151  are  obtained  by  using  the  stress  intensity  factor  K in  equation  11 S 
with  R = 0.  From  these  results,  values  of  Xand  C are  estimated  on  a per  cycle 
basis  and  are  listed  in  Table  38.  We  observe  from  Table  38  that  the  value  of 
the  proportionality  constant  C changes  significantly  from  mission  segment  to 
mission  segment,  while  the  value  of  the  power  exponent  X varies  only  slightly. 
Such  a strong  dependence  of  C on  the  type  of  mission  segment  is  somewhat 
e.xpected,  however,  since_these  parameters  X and  C are  estimated  using  the 
stress  intensity  factor  K (in  equation  115)  and  assuming  R = 0 therein,  thus 
disregarding  the  effect  of  stress  ratios._  Then,  it  could  be  argued  tha;t  if  a 
proper  value  of  the  average  stress  ratio  R is  used  in  equation  115  for  K,  the 
estimated  values  of  X and  C would  be  mission- independent . Indeed,  such  is  the 
case  for  crack  growth  under  constant -amplitude  load  spectra  where  the  crack 
growth  per  cycle  is  estimated  from 


dc/dN  = C^(Aa)  '^(c)/[(l  - R)^'"' 


tA 

jw 


(116) 


■^max 


- o, 


min’ 


and  C 


w> 


Xy  and  m are  constants. 


In 


in  which  R = Oniiri/°max>  = 

this  constant-amplitude  situation^  aU  straight  lines  indicating  the  Relation- 
ship between  log  (dc/dN)  and  log  K (K  specified  in  equation  115  with  R = R, 

— T 1/2 

(Ao-)  = Aa)  collapse  into  one  for  any  value  of  stress  ratio  R. 


Unfortunately,  no  such  unique  representation  seems  to  be  possible  for  the 
case  of  random  loading  where  stress  ratio  R varies  randomly  from  cycle  to  _ 
cycle.  In  fact,  it  is  the  purpose  of  introducing  the  average  stress  ratio  R 
in  equation  115  to  account  for  the  effect  of  the  variability  in  R.  In 
Figures  152,  153,  and  154,  the  crack  growth  rate  per  cycle  dc/dN  is  plotted 
respectively  for  cases  I through  III  against  the  average  stress  intensity 
factor  K under  several  different  definitions  of  average  stress  ratios  R. 

Similar  results  are  shown  in  Figure  155  for  composite  flight  spectra  (case  IV) 
where  crack  growth  rate  per  flight  dc/dF  is  plotted  against  the  average  stress 
intensity  factor  K,  again  under  different  definitions  of  R.  The  following  five 
definitions  of  the  average  Stress  ratio  are  used  in  this  study: 


1.  ^ assumption) 


n 


j = l 


(117) 


(118) 
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where 


R. 

J 


R if  R.  > R 
cut  J cut 


R.  * R 
J 


cut 


if  R.  < R 
J 


cut 


with 


cut 


= 0.45  and  R 

cut 


-0.15 


where  u = mean  value  of  random  stress  loading  and  \Ao  / = root -mean -square 

value  of  random  stress  loading. 


5. 


(131) 


with 


R 


‘\Hr 

4r  " S ^j'^‘'^THr 

j = l 


(133) 
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and 


R.  * R 
j cut 


if  R.  > R ^ 
J cut 


R.  = R 
J cut 


if  R.  < R 


cut 


where  k = number  of  values  of  initial  crack  size  Cq^.  fr  = 1,2,  k) 

selected  to  estimate  parameters  A and  C using  the  uni tb lock  approach,  and 
N'j'Hj.  = number  of  cycles  contributing  to  crack  growth  for  each  r.  In  equation 
122,  only  those  stress  cycles  satisfying  the  condition  that  M > K.^  are 
considered.  The  quantity  is  given  by  ™ 


dK 


eff 


= 4/3 


[k  - 5/4  (k  . 

L max  \ min 


+ 1/3/Tc  - cVR, 


'yol 


I] 


(125) 


in  which  and  Kf^in  ate  the  ma.ximum  and  minimum  values  of  the  stress 
intensity  factor  corresponding  to  the  currently  applied  load  cycle,  and  Cp  and 
Ryoi  are  the  values  corresponding  to  the  previously  applied  overload.  The 
stress  ratios  R4r  and  R4  as  well  as  the  number  of  cycles  NTHr  contributing  to 
crack  growth  are  given  in  Table  39  for  each  r for  the  three  mission  segments 

considered  in  this  study.  The  values  of  u,  (ao^)  (b  = 2),  X,  C,  and 
/— r\^'/b  _ 

C\Ao^/  per  cycle  are  estimated  using  average  stress  ratios  R^  (i  = 0,1, 2, 5, 4) 

and  are  given  in  Table  40.  These  results  indicate  that  the  estimated  values 
of  X and  C are^sensitive  to  the  average  stress  ratio  R used,  but  no  particular 
definition  of  R can  produce  the  values  of  X and  C,  which  are  mission-independent 
under  random  load  spectra.  It  is  noted  that  the  value  of  C and,  therefore,  of 
( — 

C\Aa  / per  flight  for  case  IV  can  be  obtained  hy  multiplying  the 
corresponding  values  per  cycle  listed  in  Tables  38  and  40  by  50. 


In  the  proposed  Method  II,  each  mission  segment  is  completely  character- 
ized by  a constant -amplitude  load  spectrum  with  the  stress  range  Aa,  the 
stress  ratio  R,  and  the  number  of  cycles  n.  For  the  equivalent  crack  growth 
to  be  established  between  random  flight-by- flight  spectra  and  the  constant- 
amplitude  spectra  for  each  mission  segment,  these  parameters  must  satisfy 
certain ^conditions.  In  the  present  approach,  we  select  Aa  to  be  equal  to 

(ao-)  and  the  number  of  cycles  in  a random  load  spectrum  to  be  equal  to 
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the  number  nf  cycles  in  the  constant -amplitude  spectrum.  Further,  we  select 
for  the  stress  ratio  R the  equivalent  average  stress  ratio  R^q  determined 
from  the  condition  that 


where 


random 

loading 


(dc/dN) 


constant - 
amplitude 
loading 


fdc/dN)  j = C 
random 


— r 1/b 
CAo  ) 1^1  fcj 


loading 


(dc/dN) 


constant 
amplitude 
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_ = C^j^Aaii-Ccy 
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(124) 
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Equations  124,  125,  and  126  can  be  solved  for  R in  terms  of  the  parameters 

A , C , m,  A,  and  C: 
w’  w’ 


R (c)  = 1 
eq 


ccyc) 
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If  Ay  = A,  the  stress  ratio  R^q  is  independent  of  crack  size  c,  and  in  this 
case  it  is  a relatively  simple  function  of  C/C^j,  as  shown  in  Figure  156.  In 
Figure  157,  the  same  equivalent  stress  ratio  R^qCc)  is  plotted  (without 
assuming  that  A = Ay)  against  crack  size  c for  three  mission  segments  con- 
sidered in  this  study.  The  values  A and  C used  for  constructing  Figure  157 
are  taken  from  Table  40  (Rg  = 0) . 

In  Figures  158,  159,  and  160,  the  crack  length  is  plotted  as  a function  of 
the  number  of  cycles  for  the  three  mission  segments.  The  curves  indicated 
by  "Random  Loading’’_are  determined  from  equation  125,  with  parameters  A,  and  C 
given  in  Table  40  (Rq  = 0);  hence,  these  represent  essentially  the  result  of 
applying  Method  I to  the  load  spectra  for  the  three  mission  segments.  The 
crack  growth  behaviors  under  the  constant-amplitude  load  spectra  with  Ao  = 

(ao^  ) [b  = 2)  are  obtained  by  solving  equation  126  with  Req(c)  calculated 
from  equation  127.  Two  cases  are  considered.  In  the  first  case,  we  set  A = Ay 

—(1)  - '"2) 
and  determine  Req  = Req  from  Figure  156.  In  the  second  case,  Req  - Req"*  is 


88 


obtained  from  Figure  157  at  c * w/4  where  the  plate  width  w = 6 in.  Figures  158, 
159,  and  160  indicate  that  the  use  of  R^q  produces  reasonable  approximations  in 
evaluating  the  crack  growth  behavior  as  long  as  X = and  that  the  use  of 


‘'eq 


results 


in  more  conservative  approximations  than  the  use  of  R^q 


The  preceding  numerical  results  presented  are  calculated  using  C^^  = 
1./205  X 10  n = Xyj  ~ 3.415,  m * 0.  50 14 3,  and  * 2.5  kis/in.  The  same 
analysis  is  repeated  for  new  material  parameter  values;  = 8.367  x 10 '^0, 
n ~ X^  = 3.640,  m = 0.6,  and  KpH  =1-5  ksi/inT  The  results  are  shown  in 
Tables  44,  42,  and  43  and  Figures  161  through  165. 


The  present  study  has  demonstrated  that  when  X is  equal  to  X^,  the  crack 
growth  behaviors  estimated  from  equations  125  and  126  are  identical  if  the 
equivalent  stress  ratio  R^q  as  defined  in  equation  127  is  used  in  equation  126. 
It  has  further  been  demonstrated  that  reasonable  approximations  can  be 
established  when  X is  approximately  equal  to  X^,  as  shown  in  Figures  158 
through  160,  and  163  through  165.  The  equivalent  stress  ratio  Rgq  thus  plays  a 
major  role  in  implementing  Method  II  and  can  be  evaluated  if  parameters  X , 

C^,  i,  and  C are  known.  The  parameters  Xy  and  are  usually  known  from 
constant -amplitude  tests,  while  X and  C are  to  be  evaluated  by  the  uni tb lock 
approach  for  each  significant  mission  segment. 


The  crack  growth  behavior  under  the  composite  (case  IV)  load  spectra  is 
estimated  by  several  different  methods,  and  the  result  is  shown  in  terms  of 
the  crack  length  as  a function  of  the  number  of  flights  in  Figure  166.  The 
dashed  curve  is  obtained  with  the  aid  of  the  CYCGRO  program  using  the  random 
input  and  cycle -by- cycle  integration  procedure,  while  the  curve  denoted  by 
"Random  Loading  (Method  I)"  is  obtained  by  solving__equation  125,  for  which 
constants  C and  X are  given  in  Table  43  (case  IV,  Rg  = 0).  The  results  indi- 
cated by  R^q^and  R^^are  obtained  by  solving  equation  126  with  Aa  = (ao*’) 

(b  = 2).  As  in  cases  I,  II,  and  III,  the  values  for  R^q^  and  R^q^  are  esti- 
mated from  Figures  161  and  162  respectively.  These  results  indicate  that  the 

use  of  equation  125  with  R = "^(2)  gives  a conservative  approximation  in 

6C( 

evaluating  the  crack  growth  behavior. 


4.7.2  APPLICATION  OF  METHOD  II 

The  crack  length  c estimated  by  Method  II  for  the  load  spectra  shown  in 
Figure  167  is  plotted  as  a function  of  the  number  of  flights  for  initial  crack 

size  Cg  = 0.25  in.  The  results  indicated  by  R^q^  and  R^q^  are  obtained  by 
integrating  equations  112,  113  and  114  cycle- by  cycle  with  the  equivalent  stress 
ratio  R^q  determined  respectively  from  Figures  161  and  162.  For  the  purpose  of 
comparison,  crack  growth  estimated  by  cycle -by -cycle  integration  under  random 
load  spectra  (case  IV)  is  also  shown  in  this  figure.  The  crack  growth  for  the 
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cycle  (or  cycles]  immediately  following  the  transition  cycle  is  determined 
from  equation  114  where  a=  1,2  for  a transition  involving  a stress  rise  and 
a 4 0.8  for  a transition  involving  a stress  fall. 

These  results  indicate  that  Method  II  produces  less  conservative  crack 
growth  behavior  than  cycle -by -cycle  integration  under  random  loading. 

However,  the  use  of  results  in  better  approximation  than  the  use  of  . 
The  main  discrepancy  in  evaluating  crack  growth  by  Method  II  can  be  attributed 
to  the  accuracy  of  parameter  a and  the  number  of  cycles  n'  needed  to  account 
for  the  transition  effect.  Furthermore,  the  values  of  parameters  X and  C are 
estimated  for  each  mission  segment  without  taking  into  account  the  effect  of 
compressive  cycles  due  to  ground  loads.  Since  compressive  loads  followed  by 
tension  loads  tend  to  accelerate  crack  growth  much  faster,  a different, 
perhaps  much  larger,  value  of  the  constant  a needs  to  be  assigned  for  the 
transition  cycle  involving  negative  stresses  due  to  ground  loads  than  for  other 
transition  cycles.  In  fact,  a preliminary  sensitivity  study  to  determine  the 
effect  of  a and  n'  on  the  crack  growth  has  been  performed. 


The  parameters  A,  C,  and  the  product 


evaluated  per 


flight  for  several  values  of  a and  n'.  (Refer  to  Table  44.)  These  parameters 
are  estimated  using  the  unitblock  approach,  with  each  uni tb lock  consisting  of 
50  flights.  The  crack  growth  behavior  is  plotted  as  a function  of  number  of 
flights  in  Figures  168,  169,  and  170  for  the  same  values  of  a and  n'  given  in 
Table  44.  For  comparison,  the  crack  growth  behavior  under  the  random  flight- 
by- flight  spectra  is  evaluated  by  cycle-by-cycle  integration  and  indicated  by 
dashed  curves  in  these  figures.  These  results  tend  to  indicate  that  using 
larger  values  of  a and  n'  iirprove  predictions  considerably. 


4.8  VERIFICATION  OF  THEORY  VERSUS  EXPERIMEATT 

An  experimental  test  program  on  the  crack  growth  in  the  through- the - 
thickness  precracked  2219-T851  aluminum  specimens  has  been  conducted.  Details 
of  the  test  program  are  presented  in  a preceding  section.  The  tests  were  con- 
ducted under  const ant -amplitude,  simplified,  and  random  flight-by- flight  load 
spectra.  The  random  load  spectra  were  generated  in  terms  of  peaks  and  valleys 
using  the  SPECGNl  program,  for  A- A,  A-G,  I-N,  and  composite  maneuvers  for  fighter 

aircraft,  and  composite  load  spectra  for  transport  aircraft.  The  constant- 
amplitude  and  simplified  load  spectra  are  constructed  so  that  the  equivalent 
crack  growth  is  produced  between  these  spectra  and  the  random  flight-by- flight 
load  spectra.  As  discussed  earlier,  a trial -and-error  procedure  is  needed  to 
establish  these  equivalent  load  spectra.  Since,  however,  such  a trial -and- 
error  approach  is  usually  time-consuming,  the  equivalence  conditions  are  en- 
forced only  in  approximation  in  the  present  study. 
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4.8.1  CONST.ANT-ANPLITUDE  SPECTRA 

The  selected  stress  levels  and  the  designated  test  cases  are  given  in 
Table  45.  These  are  the  cases  where  the  conditions  of  equivalence  to  the 
random  flight- by- flight  spectra  are  reasonably  well  satisfied,  as  is  shown 
later.  Corresponding  to  these  stress  levels,  values  of  parameters  X.  C.  and 

Aa^J  with  b = 2 are  estimated  by  the  uni tb lock  approach  and 
aie  shown  in  fable  46  for  olim  = 40  ksi.  Using  these  results,  the  crack 
growth  is  evaluated  as  a function  of  the  number  of  flights  (1  flight  = 1 cycle), 
and  the  results  are  shotvn  in  Figures  171  through  174.  For  comparison,  exper- 
imental data  are  also  included  with  these  plots.  The  ratio  Nthr/Nexp.  where 
-Vx-p  is  the  number  of  cycles  required  to  reach  the  largest  crack  in  the 
experiment  and  is  the  corresponding  theoretical  value,  is  given  in 

Table  47.  T!ie  results  given  in  Figures  171  through  174  are  determined  using  the 
initial  crack  size  measured  experimentally.  The  sensitivity  of  the  crack 
growth  behavior  to  the  initial  crack  size  eg  is  illustrated  in  Figure  175  for 
the  M-S  case.  The  results  given  in  Tables  46  and  47  and  Figures  171  through  175 
were  obtained  using  the  unitblock  approach.  A comparison  of  the  crack 
growth  estimated  by  this  method  and  by  the  cycle- by-cycle  integration  for  the 
M-8  case  is  shown  in  Figure  176.  We  observe  from  these  results  that  the 
unitblock  approach  overestimates  the  crack  growth  by  about  15  to  20  percent 
tor  the  constant -amplitude  spectra  considered  here. 


4.8.2  RA.\DOM  LOAD  SPECTRA 

The  crack  growth  rate  flight,  the  parameter  values  of  X.  C, 

(b  = 2),  and  the  product  cIao^)  are  obtained  using  the  new  values  of 
material  parameters  (determined  from  constant -amplitude  tests)  for  A -A,  A-G, 
I-N,  and  composite  random  load  spectra  with  the  aid  of  the  unitblock  method* 
and  are  given  in  Tables  20,  21,  and  22.  Using  these  results,  the  crack  growth 
is  evaluated  as  a function  of  the  number  of  flights  and  plotted  in  Figures  110 
through  115.  The  ratios  of  the  number  of  flights  to  failure  predicted  by  the 
theory  and  the  experiment  are  given  in  Table  48.  As  these  results  indicate, 
the  agreement  between  the  theory  and  the  e.xperiment  is  fairly  good  in  most 
cases. 


4.8.5  SIMPLIFIED  LOAD  SPECTRA 

Tlie  crack  growth  behavior  investigated  under  simplified  load  spectra  of 
increasing  complexity  is  given  in  Table  55.  The  estimated  values  of  X,  C, 

(ao^*)  , and  the  product  ^ corresponding  to  these  load  spectra  are 

shci^fn  in  Table  54.  Using  these  results,  the  crack  growth  is  estimated  as  a 
function  of  the  number  of  flights  and  are  plotted  in  Figures  142  through  149. 
Ihc  ratios  of  the  number  of  flights  to  failure  predicted  bv  the  theorv  and  the 
experiment  arc  given  in  Table  49. 
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4.8.4  DISCUSSION 


The  experimental  and  theoretical  results  on  the  crack  life  prediction 
described  in  the  preceding  sections  are  summarized  in  Table  50.  Since  the 
equivalence  conditions  are  not  exactly  satisfied  for  the  constant- amplitude 
and  simplified  spectra  with  respect  to  the  target  random  flight -by- flight  load 
spectra,  the  ratio 


r 


X/h 


T random 
loading 


Vb 


const ant -amplitude  or 
simplified  loading 


(128) 


is  equal  to  unity  only  in  approximation 

~b.  Vb 


This  ratio  can  be  estimated  using  the 


results  of  the  product  ' given  in  Tables  20,  21,  22,  and  46.  Then 

by  dividing  by  these  ratios,  the  numbers  of  flights  to  failure  under  constant- 
amplitude,  and  simplified  load  spectra  given  in  Table  50,  we  obtain  revised 
numbers  of  flights  that  would  correspond  to  the  load  spectra  more  equivalent 
to  the  target  random  flight-by- flight  spectra.  These  revised  flight  numbers 
are  given  in  parentheses  in  Table  50.  We  can  observe  that  after  this  revision, 
the  number  of  flights  to  failure  estimated  analytically  is  about  the  same  for 
constant -amplitude,  simplified,  and  random  flight-by- flight  load  spectra.  Such 
results  are  expected  since  for  a constant  value  of  power  exTionent  X,  the  crack 

/“h)Vb 

growth  estimated  by  Method  I is  controlled  by  the  product  C(Aa  ) 


The  equivalent  input  load  spectra  for  experimental  testing  are  determined 
analytically.  However,  as  discussed  previously,  the  equivalence  condition  is 
established  only  in  approximation.  The  experimental  results  shown  in  paren- 
theses are  the  expected  number  of  flights  to  failure  if  the  input  load  spectra 
would  correspond  to  more  equivalent  random  flight-by- flight  loading.  These 
results  are  obtained  by  dividing  the  experimental  number  of  flights  to  failure 
by  ratio  r. 


The  test  cases  denoted  by  a star  in  Table  50  are  obtained  under  simplified 
load  spectra  selected  for  the  purpose  of  a preliminary  study  ivlth  no  equiva- 
lence condition  imposed.  The  stress  levels  and  the  number  of  cycles  are  there- 
fore approximately  representative  of  the  target  random  flight -by- flight  load 
spectra.  However,  the  results  indicate  that  these  simplified  load  spectra  are 
too  conservative  to  replace  any  of  the  random  flight -by- flight  load  spectra. 

If  the  number  of  flights  to  failure  obsert''ed  in  the  experiment  are  adjusted  by 
the  ratio  r,  however,  the  results  seem  to  improve  as  compared  with  the  results 
obtained  under  the  target  random  flight-by-flight  load  spectra. 
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S.O  GUIDELINES  FOR  THREE  LEVELS  OF  CRACK-GROlVrH 
ANALYSES  DEVELOPMENT 


5.1  INTRODUCTION 


Since  the  first  imposition  of  damage  tolerance  requirements  on  the  B-1 
Strategic  Bomber,  the  Air  Force  specifications  for  incorporating  structural 
integrity  into  aircraft  systems  have  been  upgraded  substantially  into  a coher- 
ent and  comprehensive  set,  MIL-STD-1S30A, MIL-A-834444A,  and  MIL-A- 
8866B. 

The  far-reaching  impact  of  the  new  philosophy  approach  contained  in  those 
documents  is  such  that  crack-growth  behavior  must  be  evaluated  in  all  phases 
of  any  weapon  system;  i.e.,  preliminary  design,  detail  (final)  design,  and 
force' management  (individual  aircraft  tracking  and  life  extension  program), 
each  of  which  requires  appropriately  developed  crack-growth-prediction  tech- 
niques. Current  practice  in  the  industry  for  predicting  crack-growth  behavior 
under  flight  spectrum  loading  relies  on  processing  the  load  history  on  a stress- 
level  -by-  stress  -level  basis.  For  complex  random  flight-by- flight  load  histories, 
the  processing  of  spectrum  data  and  the  computation  cost  become  excessive. 
Usually,  there  are  different  requirements  on  the  predictive  accuracy  in  the 
performance  of  crack-growth  analysis  in  each  phase.  For  instance,  it  is  not 
cost  effective  to  perform  a very  detail  analysis  when  only  an  order-of -magnitude - 
tvpe  comparison  between  spectra  is  needed  in  the  preliminary  design  phase. 
Trade-offs  shall  be  made  between  the  accuracy  of  prediction  and  the  sophisti- 
cation of  models  used  in  the  prediction.  Hence,  the  need  for  the  development 
of  different  levels  of  crack-growth  analyses  is  obvious. 

Three  levels  of  analysis  will  be  developed  in  phase  II  of  this  program 
for  assessing  the  impact  of  durability  and  damage  tolerance  requirements  from 
the  preliminary  design  stage  through  detailed  stress  analysis  stage  to 
individual  aircraft  tracking  and  life  extension  in-force  management  stage 
for  any  weapon  system  development  and  production. 

The  following  are  the  minimum  goals  for  each  level  of  crack -growth 
analyses: 

1.  Preliminary  design  analysis  which  will  provide  rapid  comparative 
analyses  and  realistically  account  for  the  load  interaction 
effect 

2.  Detailed  design  analysis  which  will  be  capable  of  predicting  effects 
commensurate  with  existing  cycle-by-cycle  techniques 

3.  Individual  aircraft  tracking  analysis  which  is  sensitive  to  air- 
craft usage  or  mission  mix 
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Bas6d  on  the  past  experience  gained  from  the  B-1  development  program, 
other  durability  and  damage  tolerance  analysis  related  projects,  and  results 
of  tasks  conducted  in  phase  I of  this  program,  guidelines  for  the  development 
of  the  three  levels  of  crack-grouith  analyses  have  been  established.  The  fol* 
lowing  paragraphs  summarize  the  guidelines  for  each  level  in  detail. 


5-2  GUIDELLMES  FOR  DEyTLOPMENT  OF  DETAILED  DESIGN  LEVEL  CRACK- GROWH 
ANALYSIS  ^ 


Currently,  most  of  the  fatigue  crack -growth -analysis  methods  used  for 
life  prediction  throughout  the  aerospace  industry  are  based  on  the  cycle-by- 
cycle  analysis  techniques  but  differ  in  various  ways  on  the  accumulation  scheme 
employed  in  the  computation  procedure.  A brief  summary  of  the  accumulation 
schemes  commonly  used  in  the  crack -growth-analysis  computer  programs  (i.e., 

.'Mr  Force  CR'ICKS  IV  and  Rockivell  EFFGRO)  was  presented  in  the  preceding  sec- 
tions. The  fact  that  cycle -by- cycle  analysis  techniques  provide  the  most 
accurate  predictions  within  the  state-of-the-art  limitations  will  most  likely 
not  be  challenged. 

For  the  performance  of  damage  tolerance  and  durability  analyses  in  the 
detailed  design  stage  as  specified  in  the  military  standard  CMIL-STD-1530A) , 
a reliable  and  accurate  analytical  prediction  tool  is  needed  to  substantiate 
the  ability  of  structural  components  to  meet  the  requirements  of  MIL-A- 83444 
and  MIL-A-8866B.  Hence,  it  is  necessaiy  to  emphasize  that  the  detailed 
design  level  crack- growth- analysis  method  should  adopt  an  existing  cycle - 
by-cycle  technique.  Based  on  this  premise,  the  following  guidelines  for 
the  development  of  a detailed  design  level  crack  analysis  have  been 
established: 

1.  The  crack-growth-analysis  procedure  shall  be  constructed  based 
on  the  principles  of  linear  elastic  fracture  mechanics  (LEFM) . 

In  the  concept  of  LEFM,  the  primary  cause  of  fatigue  crack, 
gro\rth  is  the  cyclic  variation  in  the  local  stress  field  adia- 
cent  to  the  crack  tip.  This  variation  is  characterized  by 
stress  intensity  factor  K and  stress  ratio  R.  A mathematical 
model  with  crack-growth  per  cycle,  da/dN  as  the  dependent 
variable  and  some  kind  of  function  FCK,R)  as  the  independent 
variable,  shall  be  chosen  to  represent  the  crack- growth  rela- 
tionship. Since  in  analyzing  airframe  structures,  especially 
in  performing  damage  tolerance  analyses  on  primary  structures, 
the  range  of  crack -growth  rates  covered  is  normally  between 
1x10’^  in. /cycle  and  1x10 "5  in. /cycle,  a relatively  simple 
fatigue  crack -growth -rate  equation  (da/dN  = c[F(K,R)]^)  can 
be  adopted.  Several  such  growth- rate  equations  commonly  used 
throughout  the  aircraft  industry  are  the  Walker  (Paris  equation 
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is  a special  case],  Boeing,  Grumman,  and  Forman  equations.  A brief 
review  and  evaluation  on  those  equations  has  been  conducted  and  is 
summarized  in  the  preceding  sections.  Based  on  the  results,  a tenta- 
tive conclusion  has  been  dram  - any  of  these  rate  models  is  adequate 
to  represent  the  fatigue-crack-growth  rate  relationship  in  the  rate 
range  normally  of  interest  to  aircraft  design  analysts. 

2.  A load  interaction  model  shall  be  selected  for  the  detail  design 
level  analysis.  The  first  criterion  is  that  the  load  inter- 
action model  chosen  shall  be  capable  to  account  for  effects  of 
interactions  of  loads  including  the  overload  retardation,  com- 
pressive load  acceleration,  tens  ion- tens  ion  underload  accelera- 
tion, and  coupling  effects  such  as  reducing  retardation  by  com- 
pressive load  cycle  immediately  following  the  overload  cycles. 

The  second  criterion  for  choosing  an  appropriate  load  inter- 
action model  is  that  the  model  shall  be  formulated  based  on  the 
stress  intensity  factor  variations.  Another  criterion  is  that 
there  will  be  no  excessive  data  or  lengthy  computation  needed 

in  application  of  the  selected  model.  Existing  load  inter- 
action models  which  can  be  modified  to  fulfill  the  aforemen- 
tioned criteria  are  the  Willengborg,  Vroman/Chang,  modified  closure, 
and  contact  stress  models.  Basic  assumptions  and  formulations  of  each 
model  have  been  summarized  and  are  presented  in  the  preceding  sections. 

3.  The  service  loads  spectra  for  detailed  design  level  crack-growth 
analysis  shall  be  assembled  on  a flight-by-flight  basis.  Each 
flight  consists  of  a series  of  cycles  that  combine  take-off, 
maneuver,  and  landings  describing  the  type  of  mission.  Gusts 
and  other  periodically  occurring  loads  shall  be  incorporated 

in  the  development  of  the  service -load  spectra.  The  sen' ice - 
load  spectra  shall  be  transfonned  into  stress  spectra  for  each 
critical  area  on  the  airframe  where  the  crack -growth  analysis 
is  to  be  performed.  Internal  load  solutions  obtained  by  relia- 
ble stress  analysis  techniques,  such  as  the  finite  element 
method,  shall  be  used  to  formulate  the  stress -load  transfer 
function. 

4-  The  integration  scheme  used  in  the  detailed  design  level  crack- 
growth  analysis  shall  be  efficient.  The  linear  approximation 
method  adopted  in  the  existing  crack -growth  computation  rou- 
tines such  as  EFFGRO  and  CRACKS  is  an  appropriate  choice.  The 
accumulation  interval  shall  be  made  flexible  depending  on  the  range 
of  the  crack-growth- rate  or  stress  intensity  factor  gradient 

{^).  For  crack  conf iginations  other  than  through- the -thickness 

crack,  the  change  of  aspect  ratio  should  be  accounted  for. 
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5.3  GUIDELINES  FOR  DEVELOPMENT  OF  PRELIMINARY  DESIGN  LEVEL  CMCK-GROimi 

ANALYSIS 


Current  i'HL-STD-1530A  specifies  the  need  to  perfoim  damage  tolerance 
and  durability  design  concepts /material /weight /performance/ cost  trade  studies 
during  the  early  design  phase  in  order  to  obtain  a low-weight,  cost-effective 
design  which  complies  with  the  damage- tolerance  and  durability  requirements. 

To  meet  these  design  criteria,  the  structure  must  be  sized  to  provide  a suffi- 
cient slow  (subcritical)  crack-growth  period  and  residual  strength  so  that 
cracks  can  be  detected  before  catastrophical  failure  occurs. 

A proper  approach  to  incorporate  crack -growth  requirements  in  the  pre- 
liminary design  stage  is  to  pre-establish  the  crack-growth  allowable  stresses 
for  a specific  material  and  a specific  cracked  geometry  configuration.  A 
schematic  plot  of  determining  the  crack- growrth  allowable  stresses  is  shown 
in  Figure  177.  For  performing  material  selection  or  spectra  comparison,  a 
family  of  such  curves  can  be  constructed.  Those  curves  were  based  on  the  "a” 
versus  "N”  curves  obtained  from  crack- growth  analyses.  Figure  178  shows  a 
typical  plot. 

To  perform  such  crack-growth  analyses,  one  can  certainly  employ  a damage 
accumulation  package  such  as  CRACKS  or  EFFGRO.  Yet  economically,  it  is  not 
cost-effective  to  use  those  programs  to  conduct  such  cycle-by-cycle  analyses 
when  only  order -of -magnitude  comparisons  are  needed.  Hence,  a more  efficient 
means  to  predict  the  crack- growth  behavior  is  necessary. 

One  method  which  can  be  used  is  the  choice  of  a larger  scale  time  base  in 
the  crack -growth- rate  law  such  as  crack-growth  per  period,  da/dp.  The  essence 
of  this  method  is  to  generate  a set  of  point  values  of  crack- groivch  per  period 
Yi  at  distinct  crack  length  a^^  to  approximate  the  periodic  rate  functional 
values  of  fpCaj^).  This  set  of  fp(aj^)  is  then  used  to  construct  an  interpolation 
polynomial  such  that  da/dp  = Pp(a).  Fatigue  crack  growth  will  then  be 

determined  by  integrating  PpCa)  instead  of  a cycle-by-cycle  summation. 

Brussat  (122)  was  the  first  one  to  use  this  concept.  Presently  this  crack- 
growth-  analysis  methodology'  has  been  incorporated  into  a Rockwell  in-house 
developed  conputer  program,  PRDGRO.t^S)  }^as  been  demonstrated  that  an 
order-of -magnitude  saving  on  the  computation  time  can  be  achieved. 

.Another  alternative  is  to  employ  the  spectrum  characterization  methodol- 
ogy (designated  as  ^lethod  II}  developed  in  phase  I of  tliis  program  such  that 
the  input  loading  spectrum  is  much  simpler  than  its  random  cycle -by -cycle 
counterpart.  A detail  procedure  of  ^lethod  II,  for  obtaining  corresponding 
simplified  spectra  which  produce  the  equivalent  damage,  has  been  presented 
in  the  preceding  section.  In  the  proposed  Method  II,  each  mission  segment 
of  a spectrum  loading  is  completely  characterized  by  a constant  amplitude 
load  spectrum  with  the  stress  range  Act,  stress  ratio  R,  and  number  of  cycles 
n.  It  has  been  demonstrated  that  if  one  selects  Aa  to  be  equal  to  (Aa-)'S 
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and  the  number  of  the  constant  amplitude  cycles  n to  be  equal_to  the  number  of 
cycles  in  a random  spectrum,  then  an  equivalent  stress  ratio  can  be  deter- 
mined such  that  tlie  equivalent  spectrum  can  be  constructed.  Any  damage  accumu- 
lation package  such  as  CRACKS  and  EFFGRO  can  be  used  for  performing  the 
analysis.  .An  average  factor  of  five  can  be  saved  on  computer  time  as  compar- 
ing witli  growing  crack  in  random  cycle-by-cycle  spectrum  loading  format. 


5.4  GUIDELINES  FOR  DEVELOPMENT  OF  CRACK -GROWTH -ANALYSIS  METHOD  FOR  INDIVIDUAL 

■AIRCRAFT  TR.ACKING  fI.AT1 

Based  on  current  U.S.  .Air  Force  Aircraft  Structural  Integrity  Program 
Requirements,  (121)  the  following  major  force  management  activities  designed 
to  focus  attention  on  each  potential  crack  problem  shall  be  included:  the 
Force  Structural  Maintenance  (FSM)  plan  and  I AT.  In  addition,  force  manage- 
ment activities  also  include  loads/environmental  spectral  survey  (L/F.SS) , up- 
dating the  design  analysis  developing  inspection  and  repair  criteria,  and 
forming  a structural  strength  survey.  The  crack -growth- analysis  method  develop- 
ment guidelines  presented  here  are  to  be  employed  only  in  the  I.AT  program. 

The  phase  I report  of  a research  program  which  is  being  conducted  by  the 
University  of  Dayton/ Lockheed/ Vought  team  (123)  contains  a comprehensive  review 
of  all  current  I.AT  methods.  A brief  summary  of  those  methods  are  presented 
here  for  references.  For  transport /bomber  aircraft,  the  following  general 
methods  have  been  widely  used  or  considered: 


Method  1 
Method  2 

>!ethod  3 

Method  4 
Niethod  5 

^fethod  0 


Flight  hours/ landing 

Pilot  log  * time  by  data  block  + parametric  fatigue  damage 
tables 

Pilot  Log  + equivalent  mission  type  + mission  fatigue  damage 
tables 

Pilot  log  + time  by  data  block  + parametric  crack- growth  tables 

Pilot  log  + equivalent  mission  type  + mission  crack -groivth 
tables 


Pilot  log  calculated  stress  occurrence  *■  c>'cle- by -cycle 
crack  growth 


■Among  tiiese  methods,  only  4,  5,  and  b are  based  on  the  crack-growth 
concept.  In  method  4,  stress  exceedance  are  derived  for  each  data  block  and 
a sequence  of  stress  cycles  is  generated  in  random  fashion.  Crack- growth  rates 
per  block  da/db,  as  a function  of  crack  length  for  each  data  block,  are  gener- 
ated by  any  crack-growth  program.  Tliese  rates  become  the  parametric  crack- 
gravth  tables.  During  the  operational  part  of  this  method,  the  pilot  log  data 
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is  converted  to  time  spent  in  each  data  block.  The  crack  groi^'th  for  eacli  data 
block  is  then  a product  of  time  and  crack-growth  rate. 


Method  5 is  similar  to  method  4 except  that  the  crack- growtli  tables  are 
in  crack- growth  per  flight  (da/dF)  for  selected  mission  categories  whicii  in- 
clude breakdown  by  mission  parameters  such  as  takeoff  weight,  takeoff  fuel 
weight,  percentage  of  time  in  low  level,  etc.  The  advantage  of  treating  crack 
growth  for  an  entire  flight  is  that  the  sequence  effects  within  can  be 
accounted  for  more  rigorouly  for  standard  missions. 


In  metliod  6,  stress  exceedance  curves  are  generated  for  each  data  block 
(or  mission  segment!  and  stored  in  parametric  stress  occurrence  tables.  During 
I.A.T  operation,  the  pilot  log  data  is  converted  to  time  in  each  data  block.  The 
stress  occurrence  tables  for  each  data  block  are  adjusted  for  the  time  spent 
and  a sequence  of  stress  cycles  is  generated  for  the  flight  by  summing  the 
data  block.  The  crack  growth  is  then  computated  by  a cyxle-by- cycle  growth 
computer  program. 

For  attack/fighter/trainer  aircraft,  the  following  five  general  tracking 
methods  have  been  either  adopted  or  proposed: 


’^lethod  7 


Method  8 


.ATM  65-110  data  + time  by  mission  + mission  fatigue 
damage  tables 

Forms  + time  by  mission  + mission  fatigue  tables 


fiethod  9 - Forms/counting  accelerometer  + counts  by  mission  + 

parametric  fatigue  damage  tables 

>!ethod  10  - Counting  accelerometer  + N,  counts  by  month  + normalized 
crack- growth  curves 


Method  11 


>ISR  + stress  exceedances  by  SO  hours  + normalized  crack- 
growth  curves 


.Among  the  above  mentioned  five  methods,  only  Methods  10  and  II  use  the 
crack -growth  technology.  Method  10  is  used  on  the  F-4  and  .A -7  [AT  program. 

The  data  collected  are  the  monthly  reported  aircraft  flying  hours  and  the 
reported  exceedance  of  the  vertical  normal  load  factor.  This  method  is  based 
upon  the  ability  to  experimentally  and  analytically  grow  cracks  in  a stixcture 
with  a given  known  stress  spectra.  For  convenience,  both  F-4  and  A-7  aircraft 
use  a 5 n/N  approach  to  the  accumulation  of  damage  index,  ’and  the  damage  index 
allowable  limits  are  based  on  corresponding  crack  length  limits. 


Tracking  method  11,  which  is  identified  as  the  normalized  stress  exceed- 
ance crack -growth  method,  represents  the  current  F-16  approach.  .At  this  stage 
in  the  F-16  lAT  program,  the  proposed  method  is  to  calculate  the  crack-growth 
curves  for  every  critical  location  in  the  airframe  for  each  of  five  usage 
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spectra.  These  five  usage  spectra  are  chosen  to  cover  the  range  from  the 
least  severe  to  the  most  severe  e.'cpected  usage  of  F-16.  Tlie  crack  cun’es  are 
computed  using  both  analytical  model  and  coupon  test  results.  Corresponding 
to  each  of  the  £i\"e  usage  spectra,  there  is  a strain  spectrum  at  the  monitored 
station  which  is  e.xpressed  as  normalized  exceedance  of  a derived  strain 
function  mechanical  strain  recorder  [MSR)  data  gatliered  on  a particular  air- 
plane for  a period  of  time  are  then  e.xpressed  in  the  normalized  exceedance 
manner,  Mrcraft  usage  spectra  can  be  tJien  related  back  to  an  interpolated 
crack- growth  curve  for  each  critical  point  through  the  use  of  interpolation 
method.  Given  the  crack  size  a^  at  tlie  beginning  of  time  period  At,  the  inter- 
polated crack-growth  curv’e,  and  the  normalized  time  period  At.N,  a crack  incre- 
ment Aa  can  be  corrputed  for  the  period  representd  by  MSR  data.  To  give  the 
current  crack  length  at  each  critical  point,  Aa  is  added  to  a^. 

Four  of  tlie  previously  mentioned  metliods  have  been  recormiended  for  incor- 
poration in  the  force ' management  handbook.  They  are  Methods  4,  5,  10,  and  11. 
These  four  methods  relate  to  some  kind  of  crack- growth  analysis  method.  From 
an  economical  point  of  view,  it  is  definitely  not  cost  effective  to  employ  the 
cycle -by -cycle  calculation  technique  as  recommended  for  the  detail  design 
level  analysis  for  obtaining  the  growtli  information  of  a given  crack  in  the 
force  management  stage.  Instead,  the  spectrum  characterization  methodology 
developed  in  this  program  is  considered  to  be  more  practical. 

Method  11  of  the  spectrum  characterization  methodology  described  in 
Section  4 can  be  used  as  a tool  for  streamlining  crack- growtii  calculation. 
Recall  that  in  the  proposed  riKthod  II,  each  mission  segment  is  completely 
characterized  by  a constant  amplitude  load  spectrum  with  the  stress  range  Ac, 
the  stress  ratio  R,  and  the  number  of  cycles  n,  and  a flight  is  assumed  to 
consist  of  constant  amplitude  mission  spectra,  mission  transitions,  and  a 
ground- air- ground  cycle.  Hence,  except  the  mission  transition  and  the  ground- 
air-ground  cycle,  tlie  crack  growth  can  be  determined  very  rapidly  as  in  any 
constant  amplitude  case.  The  mission  segment  transitions  can  be  treated  as  a 
step  increasing  in  crack- growth  rate  for  the  situation  of  underload  accelera- 
tion f including  compressive  load  cycle)  or  a step  decreasing  in  crack- growth 
rate  for  overload  retardation  situations.  This  is  because  in  lAT,  the  result 
of  crack-growth  prediction  does  not  have  to  be  highly  accurate.  Consequently, 
the  crack- growth  analysis  program  can  be  performed  on  confuting  machines  with 
a much  smaller  capacity  than  is  needed  on  a big  conputer  such  as  IBM  370 
system  or  CDC  CYBER  175.  The  final  goal  is  that  crack- growth  analyses  can 
eventually  be  done  by  the  onboard  conputer. 
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Crack  depih,  a*  or  half  lengthy  c * inches 


Figure  1.  Crack  growth  curve,  a 2219-T8S1  aluminum  plate  containing  a surface 

crack  subjected  to  spectrum  loading. 

Ba$elin«  crack  growih  rate  test  data 

* 22I9-TS53  aluminum 

* Test  specimen  SflTAl-l,  flaw  1 

* Part-thru  crack 

* Constant  amplicudet  ksl»  R ■ 0^ 1 

* Room  temp*  desiccated  air*  I hz 


-*♦  Test 


— Prediction 


CYCLES  (THOUSANDS) 

Figure  2.  Boeing  2219-T851  aluminum  baseline  crack  growth  rate  data 

correlation  - specimen  SBTA  1-1,  flaw  1. 


Ill 


Crack  depth 


Figure  3.  Boeing  2219-T851  aluminum  baseline  crack  growth  rate  data 

correlation  - specimen  SBTA  1-1,  flaw  2. 


Figure  4.  Boeing  2219-T8S1  aluminum  baseline  crack  growth  rate  data 

correlation  - specimen  SBTA  3-1,  flaw  2. 
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CracJi  lengch. 


Boeing  baseline  crack  growth  rate  data  correlation 
‘ 2219-TS5I  aluminuin 
Constant  amp  I i tude  load i ng 


= Life  (ana  lys  1 5 )/ n fe  (test) 

Figure  5.  Histogram,  crack  grovrth  correlation  on  Boeing  2219-T851 

aluminum  baseline  data. 


Figure  6.  Grumman  2219-T851  aluminum  baseline  crack  growth  rate 

test  data  correlation  - specimen  AD-25-6C-\. 
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Crack  length 


Figure  7.  Ctuinman  2219-T851  aluminum  baseline  crack  growth  rate  test 

data  correlation  - specimen  AD-25-10CA. 


Figure  8.  Grumman  221-9-T851  alumintjm  baseline  crack  growth  rate  test 

data  correlation  - specimen  AD-25-18CA. 
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CRACK  DtPTM 


Figure  9.  Histogram,  crack  growth  correlation  on  Grumman 
2219-T851  aluminum  baseline  data. 


Figure  10.  Boeing  Ti-6A1-4V  j8-annealed  baseline  crack  growth  rate  data 

correlation,  specimen  SBTTl-2. 
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NO,  OF  CORRELATIONS 


Figure  11.  Boeing  Ti'6Al-4V  /3-annealed  baseline  crack  growth  rate  data 
correlation,  specimen  SBTTS-l,  flaw  2. 


• BOEING  BASELINE  CRACK  GROWTH  RATE  DATA  CORRELATION 

• 6A1-4V  0ETA' ANNEALED  TITANIUM 

• CONSTANT  amplitude  LOADING 

• PREDICTED  BY  EFFGRO  USING  BOEING  RATE  EQUATION  C CONSTANTS 


R - L1FE{ANALYSIS)/L1FE(TEST) 

Figure  12.  Hi^tograin,  crack  growth  correlation  on  Boeing  Ti-6A1-4V 

beta-annealed  baseline  data. 
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CRACK  LEHGTH 


Figure  13.  Grunanan  Ti-6A1-4V  mill -annealed  baseline  crack  growth  rate  test 

data  correlation,  specimen  TG-75-01, 


Figure  14.  Grumman  Ti-6A1-4V  mill-annealed  baseline  crack  growth  rate  test 

data  correlation,  specimen  TD-25-01, 
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NO.  OF  CORRELATIONS 


• GRUMMAN  BASELINE  CRACK  GROWTH  RATE  DATA 

• Ti-6AI-^V  Mill-annealed 

• CONSTANT  amplitude  LOADING 


Figure  15.  Histogram,  crack-growth  correlation  on  Grumman  Ti-6A1-4V 

mill-annealed  baseline  data. 


Figure  16.  Boeing  HP-9-4-.20  steel  baseline  crack  growth  rate  data 
correlation,  specimen  SBTS5-1,  flaw  1. 
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NO.  OF  COftRCLATlOHS 


Figure  17.  Boeing  HP-9-4-.20  steel  baseline  crack  growth  rate  data 
correlation,  specimen  SBTS5-1,  flaw  2. 


BOEING  BASELINE  CRACK  GROWTH  RATE  DATA  CORRELATION 
• HP-S-4-.20  steel 

‘ constant  amplitude  loading 


Figure  18.  Histogram,  crack-growth  correlation  on  Boeing  HP-9-4-.20 

steel  baseline  data. 
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CRACK  DEPTH,  a - IN.  CRACK  DEPTH 


Figure  19.  Boeing  2219-T851  aluminum  baseline  crack  growth  rate  data 
cross-correlation,  specimen  SBTAl-1,  flaw  2. 
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Figure  20.  Boeing  2219-T851  aluminum  baseline  crack  growth  rate  data 
cross -correlation,  specimen  SBTA5-2. 
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Figure  21.  Histogram,  cross -correlation  on  Boeing  2219-T851  aluminum 
baseline  crack  growth  rate  data. 
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Figure  22.  Histogram,  cross -correlation  on  Grumman  2219-T851  aluminum 
baseline  crack  growth  rate  data. 
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Figure  23.  Original  Boeing  2219-T851  aluminum  baseline 
crack  growth  rate  data. 


Figure  24.  Boeing  2219-T851  aluminum  baseline  crack  groirth  rate 

data  plotted  in  da/dN  versus  (l-R)  (K  -K  , K format. 

max  tn  max 
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Figure  25.  Boeing  2219-T851  aluminum  baseline  crack  growth  rate  data 

plotted  in  da/dN  versus  fl-R)  (I’^’ClR)  K format. 
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Figure  26.  Boeing  2219-T851  aluminum  baseline  crack  growth  rate  data 
plotted  in  da/dN  versus  (1-R)'*'  format. 
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Figure  27.  Grumman  2219-T851  aluminum  baseline  crack  growth  rate  data 

plotted  in  da/dN  versus  (1-R)  (1+qR)  K format. 

max 


Figure  28.  Grumman  2219-T851  aluminum  baseline  crack  growth  rate  data 

plotted  in  da/dN  versus  (1-R)'"  K format. 
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Figure  29.  Flight -by-flight  B-1  wing  "B"  spectrum. 
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Figure  32.  required  for  coincident  load  interaction 

zone  (LIZ)  boundaries. 
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Figure  53.  Spectriun  and  yield  zones. 


Figure  34. 
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'MAX  MAX  "o 
Elastic  crack  surface  displacement  at  maximum  load. 
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Figure  35.  Elastic  crack  surface  displacements  during  unloading. 


Figure  36.  Elastic  crack  surface  displacement  at  minimum  load. 
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CRACK  LEKGTH, 


J^LASTIC  ZONE 


Figure  5/ . Computation  of  crack  surface  displacements  under  compression  load- 


Figure  58.  Predicted  a versus  N for  0/L  = 1.25,  single  overload, 

2219-T851  aluminum. 
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CRACK  LENGTH,  a,  IN.  CRACK  LENGTH 


CYCLES,  THOUSANDS 

Figure  39.  Predicted  a versus  N for  0/L  = 1.25,  multiple  overloads, 

2219-T851  aluminum. 


Figure  40-  Predicted  a versus  N for  0/L  * l.S,  multiple  overloads, 

2219-T851  aluminum. 
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CRACK  LENGTH,  a,  IN.  CRACK  LENGTH 
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Figure  41.  Predicted  a versus  B for  0/L  = 1.25  and  “ 100/1000, 

2219-T851  aluminum. 


Figure  42,  Predicted  a versus  B for  O/L  - 1.5  and  Nql/N  = 200/1000, 
multiple  periodic  overloads,  2219-T851  aluminum. 
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CRACK  LENGTH, 


Figure  43. 
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Predicted  a versus  N for  0/L  = 1.8  and  Nql  < 
Ti-6A1-4V  titanium. 
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Figure  44.  Predicted  a versus  B for  high- low  ajid  low- high  block  loading, 

= 0.555,  Ti-6A1-4V  titanium. 
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TEST  S38.  SPECmEN  G6-6I 
SUAFACE  flaw  - DEEP  - a/2c.  - 1/2 
HP-3-it-20  STEEL  PLATE  ' 

FLiGHT'GY-FLfGBT  HORIZONTAL  TAIL  SPECTRUM  (hS) 

MAX  SPECTRUM  stress  - 125  KSI  TENS.*  'SO  KSI  COMP 
ORY'Alft  ENVIRONMENT 
TEST  LIFE  I , J32  MiSSIONS 


TEST  DATA 

PREOICTEO  SY  VROMAN/CHANC  MODEL 


MISSIONS 


J 1 

I ,itOO  1*600  1 ,800 


Figure 


45*  Predicted  a versus  N,  flight “by- flight  tail  spectrum 
^max  ^ HP‘9“4-20  steel. 


test  555*  SPECIMEN  66-62 
SURFACE  flaw-deep  - 4/2c.  - 1/2 
HP-5-4-20  STEEL  PLATE 

FLICHT-SY-FLICHT  horizontal  tail  spectrum  (HS) 

MAX  SPECTRUM  STRESS  - 150  ttSl  TENS.*  -60  KSI  COMP 
DRY -AIR  ENVIRONMENT 
TEST  LIFE  800  MISSIONS 


TEST  DATA 

PREDICTED  BY  VROMAN/CHANG  MODEL 


Figure  4b.  Predicted  a versus  N,  flight-by-fiight  tail  spectrum 
^raax  “ ®'min  “ ksi,  HP-9-4-20  steel. 
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Figure  47.  The  finite -element  model. 
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Figure  48.  Concentrated  force  on  crack  surface. 
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Figure  50.  Schemati-c  of  linear  superposition  method. 


135 


Figure  51.  A single  crack  emanating  from  an  open  hole 
subjected  to  uniform  tension. 


Figure  b2.  Two  approximately  equivalent  cases. 
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Figure  55. 
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Crack  approaches  a hole. 


O' 


Figure  54.  Eccentrically  located  crack  in  a finite- 
width  strip  under  iiniform  tension  load. 
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Figure  56.  Comparison  of  solutions,  two-cracks  emanating  from  an  open  hole 
contained  in  an  infinite  plate  in  tension. 
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Figure  57.  Four  slopes  used  in  Runge-Kutta  method. 
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Figure  58  . Definition  of  rise  and  fall  S^. 
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Figure  59.  Crack  growth  rate  behavior  of  spectra  A and  B. 


initial  crack  size 


Figure  60-  Probability  density  function  of  crack  size  in  service. 
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Figure  61.  Test  Specimen  Configuration 


Figure  62.  500- KIP  Materials  Test  System 
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Figure  63. 


Schematic  of  NtTS  System/Datum  System  70 


H * i fh  C * e 36TE-tfl  H * fiO 


Figure  64.  Baseline  Fatigue  Crack  Growth  Rate  Data 
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Figure  67*  Periodic  overload  effect. 
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Figure  68.  Periodic  compression  underload  effect. 
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Figure  69.  Crack  Growth  Curve  and  Predictions  for  Test  M-i4 
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Figure  70.  Crack  Growth  Curve  and  Prediction  for  Test  M-26 
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Figure  71,  Crack  Growth  Cur\"e  and  Predictions  for  Test  M-53 
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Figure  72.  Crack  Growth  Curve  and  Predictions  for  Test  M-49 
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Figure  73.  Combine  plot  for  typical  fighter,  air-to-air. 
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Figure  74.  Combine  plot  for  typical  fighter,  air-to-ground. 
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Figure  76-  Combine  plot  for  typical  fighter,  composite  mission^ 

stress  limit  ='  20  ksi. 
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Figure  77-  Combine  plot  for  typical  fighter,  composite,  stress  limit  = 40  ksi. 
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Figure  78.  Combine  plot  for  typical  transport,  maximum  stress  = 14  ksi. 
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Figure  79.  Combine  plot  for  typical  transport,  limit  stress 


14  ksi. 
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Figure  80.  Power  spectral  density  for  air-to-air  maneuvers. 
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Figure  81.  Power  spectral  density  for  air-to-ground  maneuvers. 
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STRESS  (%  OF  LIMIT  STRESS) 


Figure  82.  Power  spectral  density  for  instrumentation  and  navigation  maneuvers. 


Figure  83.  A sample  history  of  air-to-air  maneuver  spectra. 
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Figure  84.  A sample  history  of  air-to-ground  maneuver  spectra. 
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Figure  85.  A sample  history  of  instrumentation  and  navigation 
maneuver  spectra. 
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Figure  86.  Positive  peak  exceedances  for  transport  aircraft 

(assault  - climb) . 


Figure  87.  Positive  peak  exceedances  for  transport  aircraft 

(assault  - cruise) , 
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Figure  88.  Positive  peak  exceedances  for  transport  aircraft 

(assault  - descent). 


Figure  89.  Positive  peak  exceedances  for  transport  aircraft 

(logistics  - climb) . 
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Figure  90. 


Figure  91. 


Positive  peak  exceedances  for  transport  aircraft 
(logistics  - cruise). 


Positive  peak  exceedances  for  transport  aircraft 
(logistics  - descent). 
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Figure  92.  Positive  peak  exceedances  for  transport  aircraft 

(training  - ascent) . 


Figure  93.  Positive  peak  exceedances  for  transport  aircraft 

(training  - cruise) . 
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Figure  94.  Positive  peak  exceedances  for  transport  aircraft 

(training  - descent) . 


Figure  95.  Positive  peak  exceedances 
for  C-5A  aircraft  (gust). 
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Figure  96a.  Schematic  Flight  Spectrum 
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Figure  97.  Effect  of  nimber  of  pol>’’nomial  terms 
on  the  accuracy  of  expansion. 


NUffBER  OF  FLIGHTS  F 

Figure  98.  Crack  growth  as  a function  of  number  of  flights  using 
numerical  solution  and  polynomial  expansion. 


= 10 
7 


160 


-J 


Figure  99.  Crack  growth  rate  (different  flights  in  unitblock; 
compressive  stresses  included,  or = 20  ksi). 


Figure  100.  Crack  growth  rate  (different 
flights  in  unitblock; 
compressive  stresses  deleted) . 
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CRACK  LKtiGTlI  c UNCHJ 


Figure  101.  Crack  growth  as  a function  of  number  of  flights  for  random  loading 

(Cq  =0.02  = 20  ksi) . 


Figure  102. 


Crack  growth  as  a function  of  number  of  flights 
(Cq  =0.25  ^ ksi). 


for  random  loading 
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CRACK  LENGTH  c (INCH) 


Figure  103.  Crack  growth  as  a function  of  number  of  flights  for  random  loading 

(Cq  = 0.5  in.,  = 20  ksi). 


Figure  104.  Crack  growth  as  a function  of  number  of  flights  for  random  loading 

(Cq  = 0.25  in.  = 30  ksi). 
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Figure  105.  Crack  growth  as  a function  of  number  of  flights  for  random  loading 

(Crt  * 0.25  in. , <7.  Tn  “ 40  ksi) . 
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Figure  106. 


Crack  growth  as  a function  of  dumber  of  flights  for 
(composite  maneuver  spectra,  c^^  = 0.25  in.). 


random  loading 
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Figure  107.  Crack  growth  rate  per  flight  dc/dF  as  a function 
of  average  stress  intensity  factor  K for  different 
types  of  random  loadings  ( = 20  ksi) . 
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Figure  108.  Crack  growth  rate  per  flight  dc/dF  as  a function 
of  average  stress  intensity  factor  K for  different 


types  of  random  loadings  (o'. 
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Figure  109.  Crack  growth  rate  per  flight  dc/dF  as  function  of  average  stress 

intensity  factor  K for  different  types  of  random  loadings  (a,  mi  = ^0  ksi). 
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Figure  110.  Crack  growth  as  a function  of  number  of  flights  for 
random  loading  (air-to-air,  c^  = 0.155  in.). 
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Figure  111.  Crack  grovvth  as  a function  of  number  of  flights  for 
random  loading  (air-to-ground,  c^  = 0.155  and  c^  = 0.25  in.). 


Figure  112.  Crack  growth  as  a function  of  number  of  flights  for  random 
loading  (instrumentation  and  navigation,  c^  = 0.155  in.). 
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CRACK  LENGTH  c tINCH) 


Figure  113.  Crack  growth  as  a function  of  number  of  flights  for 
random  loading  (composite,  c^  = 0.155  in.). 


Figure  114.  Crack  growth  rate  per  cycle  dc/dN  as  a function  of 
average  stress  intensity  factor  K for  random 
load  spectra  of  transport  aircraft. 
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Figure  115.  Crack  growth  as  a function  of  number  of  flights 
for  transport  aircraft  (c^  = 0.258  in.  = 20  ksi). 


Figure  116.  Constant -amplitude  n cycles  per  flight  load  spectra. 


169 


Figure  117.  Product  C (A<r*^)  for  constant  anplitude  n cycles  per 
flight  load  spectra  (R  = 0) . 


b A /b 

Figure  118.  The  product  C(Ao-  ")  for  constant  amplitude  n cycles 
per  flight  load  spectra  (R  - 0.1). 
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Figure  119.  The  product  for  constant  amplitude 

loading  with  compressive  stresses  included 


(cr. 
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Figure  120.  The  product  for  constant  amplitude 

loading  with  compressive  stress  included 

= 30ksi). 
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Figure  122,  Crack  growth  rate  behavior  for  constant 

amplitude  loading  with  compressive  stresses 

included  (o'  = 24  ksi,  o"  , = 20  ksi], 

max  LIM 
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Figure  123.  Crack  growth  rate  behavior  for  constant 
amplitude  loading  with  compressive  stresses 


included  C<r  = 36  ksi, 
max  ’ 


LIM 


30  ksi) 


R {jrsi 

Figure  124.  Crack  growth  rate  behavior  for  constant 

amplitude  loading  with  compressive  stresses 

included  (o-  = 48  ksi,  cr,  = 40  ksi). 

max  LIM 
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Figure  125.  Crack  growth  as  a function  of  number  of  flights 
for  constant  amplitude  loading  (c^  = 0.25  in.,  R = 0.4,  ® 20  ksi). 


Figure  126.  Crack  growth  as  a function  of  number  of  flights 
for  constant  amplitude  loading  = 0.25  in.,  R = -0.1,  ~ ^0  ksi). 
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Figure  127.  Crack  growth  as  a function  of  number  of  flights 
for  constant  amplitude  loading  (Cq=  0.25  in.,  R=  0.1,  = ^0  ksi). 


Figure  128.  Crack  growth  as  a function  of  number 
of  cycles  for  constant  amplitude  loading 
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Figure  129.  Simplified  amplitude 
flight -by- flight  load  spectra. 
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Figure  150.  Flight-by-fl ight , two-step  flight  load  spectra. 
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flight -by- flight  load  spectra. 


Figure  132.  Crack  growth  rate  (M-bl,  Case  III  and  M-69,  Case  IV}. 
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Figure  133.  Crack  growth  rate  (M-62,  Case  III  and  M-70,  Case  V) . 


Figure  134.  Crack  growth  rate  (M-63,  Case  V and  M-71,  Case  V]. 
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Figure  155.  Crack  growth  rate  (M-64,  Case  III  and  M-72,  Case  IV). 


, Case  . IV  and  M-78,  Case  IV'l . 


Figure  156.  Crack  growth  rate  |M-77 
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Figure  137.  Product  C(Acr^^}  under  load  sequences  M-62  and  M-69 
(simplified  spectra  for  air-to-air  fighter  mission,  o-j  = 20  ksi,  b = 2) . 
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Figure  138.  Product  CtAo-bJ 


A/b 


under  load  sequences  M-62  and  M-70 


(simplified  spectra  for  air-to-ground  fighter  mission,  cr,  = 20  ksi,  b = 2) . 

LIM 
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Figure  139.  Product  C(Acrb)  under  load  sequences  M-63  and  M-71 
(simplified  spectra  for  instrument at ion -and -navi gat ion 
fighter  mission,  = 20  ksi,  b = 2). 
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Figure  140.  Product  C(Acrb")  under  load  sequences  M-64  and  M-72 
(simplified  spectra  for  composite  fighter  mission,  = 20  ksi,  b = 2) . 
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Figure  141.  Product  C(Acrb)^^^  under  load  sequences  M-77  and  M-78 
(simplified  spectra  for  typical  fighter  mission,  = 20  ksi,  b = 2) . 
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Figure  142*  Crack  growth  as  a function  of  number  of  flights 
for  simplified  spectra  loading  (M-bl,  =0,155  in,). 
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Figure  143.  Crack  growth  as  a function  of  number  of  flights 

for  simplified  spectra  loading  [M-62,  c_  = 0.155  in.  and  c„  = 0.23  in.l. 

u u 


Figure  144.  Crack  growth  as  a function  of  number  of  flights 
for  simplified  spectra  loading  (M-63,  c^  = 0.155  in.). 
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Figure  145.  Crack  growth  as  a function  of  number  of  flights 
for  simplified  spectra  loading  (M-M,  c^^  = 0.155  in.). 


Figure  146.  Crack  growth  as  a function  of  number  of  flights 
for  simplified  spectra  loading  (M-69,  c^  = 0.155  in.). 
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Figure  147.  Crack  growth  as  a function  of  number  of  flights 
for  simplified  spectra  loading  (M-70,  c^  = 0.15S  in.). 


Figure  148.  Crack  growth  as  a function  of  number  of  flights 
for  simplified  spectra  loading  (M-72,  c^  = 0.155  in.,). 
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Figure  149.  Crack  growth  as  a function  of  number  of  flights 
for  simplified  spectra  loading  (M-77,  c^  = 0.155  in.). 
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Figure  151.  Crack  growth  rate  behavior  under  random  loading  with 
compressive  stresses  included  for  average  stress  ratio 
K = 0.  “ 20  ksi,  = RMS  stress  range). 


\ 

1 

1 

-05. 1 

0 

Itll  1 1 1 1 

MA 

OA 

E 0 ai 

I 0 mm. 

z o«aL 

Cdie  I o^r  cVcl* 

0 Itrus 

A Stc*iP 

Cl 

X SiT*«t  "i  ! 

IP  Ricio 

"lih  " 

^ l/b 

b - I 

i onSE  ^ 

: 0 lA 

' 0 ai 

--  

1 ^10  IM 

Uni/LfT] 


Figure  152.  Crack  growth  rate  per  cycle  dc/dN  as  a function  of  average 
stress  intensity  factor  K under  different  definitions  of  average 
stress  ratio  If  for  Case  I ~ 20  ksi,  Act  = RMS  stress  range). 
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Figure  153. 
intensity 


Figure  154. 
intensity 


Crack  growth  rate  per  cycle  dc/dN  as  a function  of  average  stress 
factor  K under  different  defi^tions  of  average  stress  ratio  R 
for  Case  II  = 20  ksi,  A<r  = R^!S  stress  range). 
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Crack  growth  rate  per  cycle  dc/dN  as  a function  of  average  stress 
factor  K under  different  definitions  of  average  stress  ratio  R 
for  Case  III  = 20  ksi,  Ao- = RMS  stress  range). 
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Figure  155.  Crack  growth  rate  per  flight  dc/dF  as  a function  of  average  stress 
intensity  factor  K under  different  definitions  of  average  stress  ratio  R 
for  Case  IV  (con^osite  flight  spectra,  = 20  ksi). 
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Figure  156.  Equivalent  average  stress  ratio  as  a function  of  coefficient 

ratio  C/C  , where  C = estimated  constant  by  unitblock  approach, 
w 

and  C, , = constant  in  Walker’s  Equation. 
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Figure  158.  Crack  growth  as  a function  of  number  of  cycles  (Case  I) 
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Figure  159.  Crack  growth  as  a function  of  number  of  cycles  {Case  II) 
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Figure  160.  Crack 
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Equivalent  Stress  Ratio 


Figure  161.  Equivalent  average  stress  ratio  R as  a function  of  coefficient 

eq 

ratio  C/C  where  C = estimated  constant  hy  unitblock  approach, 

w 

and  C = constant  in  Walker's  Equation  (two  sets  of  constants), 
w 


Figure  162. 
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Figure  163.  Crack  growth  as  a function  of  number  of  cycles 
(Case  I,  for  new  values  of  constants). 


Figure  164.  Crack  growth  as  a function  of  number  of  cycles 
(Case  II,  for  new  values  of  constants). 
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Figur6  165.  Crsck  growth  as  a function  of  nuinbor  of  cycles 
(Case  III,  for  new  values  of  constants). 


Figure  166.  Crack  growth  as  a function  of  number  of  cycles 
(Case  IV,  for  new  values  of  constants). 
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Figure  167.  Simplified  load  spectra  for  case  IV  [Method  II). 


Figure  168.  Crack 
for  n'  = 


growth  as  a function  of  number  of 
1 and  different  values  of 


flights 
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igure  169. 


Crack  growth  as  a function  of  number 

for  n'  = 3 and  different  values  of  a, • 
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Figure  170.  Crack  growth  as  a function  of  number  of  flights 
for  n'  = 5 and  different  values 
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Figure  171.  Crack  growth  as  a function  of  nuntier  of  cycles  for  constant 
amplitude  loading  (M-5,  = 0.15  in.). 


Figure  172.  Crack  growth  as  a function  of  number  of  cycles  for  constant 
amplitude  loading  (M-6,  c^  = 0.155  in.). 
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Figure  175.  Crack  growth  as  a function  of  number  of  cycles  for  constant 
amplitude  loading  (M'7,  = 0.155  in.). 


Figure  1"4.  Crack  growth  as  a function  of  number  of  cycles  for  constant 
amplitude  loading  lM-8,  = 0.155  in.). 
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Figure  175. 


Crack  growth  as  a 
initial  crack 


function  of  number  of  cycles  for  different 
sizes  (M-8,  = 2fl  ksi). 


Figure  176.  Crack  growth  as  a function  of  number  of  cycles  for  constant 
amplitude  loading  evaluated  by  unit block  approach  and  cycle- by- cycle 
integration  (M-8,  c^  = 0.155  in.,  = 20  ksi). 
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Figure  177,  Crack  life  allowable  stresses  under  various 

spectrum  loading. 
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Figure  178.  Parametric  crack  growth  analysis  for  various" 

limit  stress  levels. 
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TABU-;  1.  SUMAI^Y  OF  QWCK  GROWTH  RATH  FXJIIATIONS  AND  CORRIiSWJNDING  GROWIH  RATE  (DNSTANTS  USED  IN 
BASELTNH  CRACK  GIWDl  DATA  CORRELATIONS  AND  CROSS -COimi-;!  AT  IONS 
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Used  for  cross-correlation  only 
Beta  amiealed 


TABU;  2.  .Sll^M^RY  Ol-'  STATIC  ^ UIACHmi;  BKOPI-iRTir.S  USIiD  IN  BASI-LINli 
CRACK  CIWIH  DATA  CORRIHATIONS  f,  CROSS -CORRI-LATTONS 
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TABLE  3.  SIMIARY,  CORRELATION  OF  BOEING  2219- T8 51  ALUMINUM 
BASELINE  CRACK  GROIVTH  RATE  DATA 


Load 

condition 

''Test 

Ved 

„ _ Pred 

^ 

Test  specimen  No. 

0-  (ksi) 

R 

^Test 

SBTAl-1  (flaw  1)  1 

16 

0. 

1 

7100 

13700 

1.93 

2 

24 

4 

i 

1950 

1540 

0.79 

3 

30 

280 

245 

0.88 

SBTM-1  (flaw  2)  1 

16 

7100 

9000 

1.27 

2 

24 

1950 

1505 

0.77 

3 

30 

280 

248 

0.89 

SBTAl-2  1 

. 16 

4980 

4070 

0.82 

2 

24 

545 

360 

0.66 

3 

30 

1 

r 

111 

209 

1.88 

SBTA3-1  (flaw  1)  1 

20 

0, 

3 

6260 

5920 

0.95 

2 

30 

i 

i 

920 

800 

0.87 

3 

38 

130 

178 

1.37 

SBTA3-1  (flaw  2)  1 

20 

6260 

5950 

0.95 

2 

30 

920 

792 

0.86 

3 

38 

130 

279 

2.15 

SBTA3-2  1 

20 

2820 

2350 

0.83 

2 

30 

r 

301 

328 

* 1.09 

SBTA5-1  (flaw  1)  1 

20 

0. 

,5 

14100 

11550 

0.82 

2 

30 

4 

2360 

2200 

0.93 

3 

40 

200 

334 

1.67 

SBTA5-1  (flaw  2)  1 

20 

14100 

15100 

1.07 

2 

30 

2360 

1640 

0.69 

3 

40 

200 

550 

2.75 

SBTA5-2  1 

20 

8300 

6750 

0.81 

2 

30 

r 

900 

760 

0.84 
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TABLE  4.  SUNMARY,  CORRELATION  OF  GRU^MAN  2219-T851  .ALUMINUM 
BASELINE  CRACK  GROWTH  RATE  DATA 


Loading  cond 

"rest '■=>'=> 

NJ 

p - 

Remarks 

Test  specimen  No. 

P(kips) 

R 

Test 

.AG-25-01-CTB  1 

0.950 

0.7 

489,000 

570,000 

1.16 

Gruimian's 

2 

0.950 

0.5 

5,000 

7,750 

1.55 

CT  specimen 

3 

0.950 

0.3 

8,300 

8,800 

1.06 

4 

0.500 

0.1 

30,450 

13,250 

0.43 

.AG-25-02A-CTB  1 

0.500 

-1.0 

264,160 

327,000 

1.24 

AG-25-20-CTB  1 

0.700 

-1.0 

65,120 

78,400 

1.20 

AG-25-21-CTB  1 

0.500 

-1.0 

286,820 

250,600 

0.87 

AG-25-27-CTB  1 

0.420 

0.05 

677,400 

522,000 

0.77 

AG-25-29-CTB  1 

0.998 

0.7 

195,000 

122,000 

0.63 

2 

0.998 

0 

19,300 

17,300 

0.90 

.AG-25-30-CTB  1 

0.951 

0.7 

424,100 

341,000 

0.80 

2 

0.951 

0.5 

51,900 

43,000 

0.83 

3 

0.951 

0.3 

7,600 

7,720 

1.01 

4 

0.951 

0.1 

2,550 

1,830 

0.78 

5 

0.500 

0.1 

139,050 

6,300 

0.04 

6 

0.500 

-0.1 

1,046 

1,090 

1.04 

AG- 50-01 -CTB  1 

1.400 

0.05 

90,020 

106,600 

1.18 

AD-25-06-CTA  1 

0.880 

0.7 

325,880 

417,000 

1.28 

AS1M 

2 

0.880 

0.5 

47,607 

41,100 

0.86 

CT  specimen 

3 

0.710 

0.3 

15,210 

23,800 

1.56 

4 

0.710 

0.05 

6,724 

8,000 

1.19 

5 

0.580 

0.7 

131,960 

215,500 

1.63 

6 

0.580 

0.5 

70,100 

34,700 

0.50 

7 

0.490 

0.3 

12,275 

16,800 

1.38 

8 

0.490 

0.05 

7,310 

7,550 

1.03 

9 

0.400 

0.5 

36,980 

61,000 

1.65 

10 

0.400 

0.05 

15,450 

9,200 

0.60 

11 

0.330 

0.3 

20,540 

35,230 

1.71 

12 

0.330 

0.05 

11,355 

11,800 

1.04 

13 

0.280 

-1.0 

8,109 

6,300 

0.78 

14 

0.280 

0.5 

26,890 

38,650 

1.44 

15 

0.200 

0.05 

27,820 

27,150 

0.97 

AD-25-08-CTA  1 

1.657 

0.7 

46,072 

89,500 

1.94 

ASTM 

2 

1.321 

0.3 

2,251 

1,850 

0.82 

CT  specimen 

3 

1.321 

0.05 

892 

970 

1.09 

4 

1.055 

0.7 

25,238 

38,400 

1.52 

5 

1.055 

0.5 

4,006 

4,300 

1.07 

6 

0.839 

0.3 

3,650 

2,990 

0.82 

7 

0.839 

0.05 

1,246 

1,140 

0.91 

8 

0.671 

0.5 

6,163 

6,550 

1.06 

9 

0.671 

0.05 

1,145 

1,010 

0.88 

10 

0.535 

0.3 

3,562 

3,380 

0.95 
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TABLE  4.  SUMMARY,  CORRELATION  OF  GRUN^IAN  2219-T851  .UUMTNUM 
BASELINE  CRACK  GROVmi  RATE  DATA  (CONCL) 


Test  specijnen  No. 

Loading  cond 

D - 

Remarks 

P(kips) 

R 

N 

Test 

11 

0.535 

0.05 

1,296 

1,150 

0.89 

12 

0.427 

0.05 

2,609 

1,740 

0.67 

13 

0.427 

0.5 

5,658 

6,040 

1.07 

14 

0.340 

0.05 

5,527 

4,150 

0.75 

AD-2S-09-CrA  1 

0.450 

0.1 

146,260 

242,100 

1.66 

2 

0.500 

0.1 

40,750 

66,470 

1.63 

3 

0.600 

0.1 

19,950 

23,560 

1.18 

AD-2S-10-aA  1 

0.300 

0.5 

1,336,700 

1,414,000 

1.06 

2 

0.442 

0.05 

44,610 

61,900 

1.39 

3 

0.442 

0.5 

124,840 

145,000 

1.16 

4 

0.442 

0.05 

10,805 

11,180 

1.03 

5 

0.442 

0,05 

6,700 

6,010 

0.90 

.AD-25-18-CTA  1 

1.080 

0.05 

4,050 

2,840 

0.70 

2 

0.855 

0.05 

4,000 

9,400 

2.35 

3 

0.690 

0.05 

12,480 

24,000 

1.92 

4 

0.550 

0.05 

8,000 

14,900 

1.86 

5 

0.500 

0.05 

12,000 

18,900 

1.58 

6 

0.470 

0.05 

16,000 

30,800 

1.92 

7 

0.425 

0.05 

8,000 

26,200 

3.27 

8 

0.375 

0.05 

24,090 

52,900 

2.20 

9 

0.350 

0.05 

24,010 

21,350 

0.89 

10 

0.325 

0.05 

28,010 

24,100 

0.86 

11 

0.300 

0.05 

47,360 

61,450 

1.30 

12 

0.320 

0.05 

30,000 

47,100 

1.57 

13 

0.340 

0.05 

35,000 

33,700 

0.96 

ASTM 

14 

0.360 

0.05 

22,000 

26,500 

1.20 

CT  specimen 

AD-25-18-CrA  15 

0.380 

0.05 

14,000 

19,700 

1.41 

ASTM 

16 

0.400 

0.05 

9,000 

14,950 

1.66 

CT  specimen 

17 

0.420 

0.05 

6,750 

11,450 

1.70 

18 

0.470 

0.05 

4,000 

6,740 

1.68 

19 

0.490 

0.05 

4,000 

5 ,530 

1.38 

20 

0.510 

0.05 

4,000 

4,360 

1.09 

21 

0.530 

0.05 

2,580 

3,460 

1.34 

22 

0.550 

0.05 

2,010 

2,740 

1.36 

Asm 

23 

0.580 

0.5 

59,610 

64,000 

1.07 

CT  specimen 

AG-2S-IP-CA  2 

10.0 

0.05 

44,000 

35,400 

0.80 

Center 

3 

6.0 

0.05 

62,000 

55,300 

0.89 

cracked 

4 

6.0 

0.5 

81,000 

71,000 

0.87 

panel 

5 

6.0 

0.7 

95,760 

118,300 

1.24 

specimen 

AG-25-7P-CA  3 

10.0 

0.05 

45,000 

40,000 

0.88 

4 

6.0 

*1.0 

290,900 

184,200 

0.65 

AG-2S-12P-CA  2 

16.0 

0.3 

7,960 

3,330 

0.42 

3 

12.0 

0.4 

11,515 

9,100 

0.79 

4 

8.0 

0.6 

144,285 

137,300 

0.95 
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TABLE  5.  SU^MARY,  CORRELATION  OF  BOEING  TI-6AL-4V  BETA-ANNEALED 
TITANIUM  BASELINE  CRACK- GROWTH  RATE  DATA 


Test  Specimen  No. 

Load  Condition 

^Test 

Cycles 

%red 

Cycles 

n_^Pred 

0 ksi 

max 

R 

^est 

SBTn-l{FLAW  1)-1 

40.0 

.1 

7,072 

8,100 

1.15 

2 

55.0 

1,400 

1,810 

1.29 

3 

70.0 

550 

560 

1.02 

SBTTl-UFUW  2)-l 

40.0 

7,072 

8,800 

1.24 

2 

55.0 

1,400 

1,140 

.81 

3 

70.0 

500 

400 

.73 

SBTn-2-l 

40.0 

3,123 

3,200 

1.02 

2 

55.0 

700 

640 

.91 

3 

70.0 

545 

350 

.64 

SBTT3-1(FLW  1)-1 

51.5 

.3 

6,023 

10,100 

1.68 

2 

64.0 

1,700 

1,380 

0.81 

3 

90.0 

600 

310 

.52 

SBTT3-1(FUW  2)-l 

51.5 

6,023 

3,040 

.50 

•} 

64.0 

1,700 

1,920  1 

1.13 

3 

90.0 

600 

220 

.37 

SBTT3-2-1 

51.5 

4,000 

1,200 

.30 

2 

64.0 

700 

810  1 

1.16 

5 

90.0 

200 

240  ! 

1.20 

SBTTS-ltFLAW  1)-1 

72.0 

.5 

4,000 

4,100 

1.02 

2 

85.0 

620 

520 

.84 

3 

98.0 

290 

290  ■ 

1.00 

SBTTS-lfFLAW  21-1 

72.0 

4,000 

3,500  ' 

.88 

1 2 

85.0 

620 

540  i 

.87 

, 3 

98.0 

290 

320  i 

1.10 

1 SBTTS-2-1 

72.0 

2 , 300 

1,900 

.83 

1 2 

85.0 

800 

440 

.55 

! ^ 

98.0 

100 

140 

1.40 
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TABLE  6.  SUNMARY,  CORRELATION  OF  GRUNMAN  TI-6AL-4V  MILL -.ANNEALED 
TITANIUM  BASELINE  CRACK-GROIYTH  RATE  DATA 


Test  Specimen  No. 

Loading  Cond 

^est 

^Pred 

Cycles 

J^Pred 

Remarks 

^max,*^ips 

R 

Cycles 

^ 'Nxest 

TG- 25-01  CTB-1 

2.577 

.02 

2,000 

2,500 

1.25 

Grumman 's 

2 

.400 

.05 

103,000 

No  growth 

1. 00 

CT 

3 

1.300 

.05 

39,000 

26,900 

.69 

Specimens 

4 

.800 

.05 

78,000 

67,000 

.86 

5 

.600 

.05 

1,790,250 

955,000 

. 53 

TG-25-02  CTB-1 

2.580 

.02 

3,000 

1,670 

.56 

2 

1.100 

.05 

328 , 300 

145,000 

.44 

TG- 25-06  CTB-1 

2.580 

.02 

12,000 

4,500 

.38 

2 

1.100 

.045 

18,000 

15,700 

.87 

3 

.700 

.057 

525,000 

125,000 

.24 

4 

.470 

.05 

680,000 

37,000 

.05 

5 

.700 

.3 

1,123,000 

370,000 

.33 

i 

TG-75-01  CTB-1 

7.730 

.5 

70,000 

65,000 

.93 

1 

2 

6.720 

.5 

48,000 

59,000 

1.23 

3 

5.840 

.5 

72,000 

67,800 

.94 

1 

4 

7.730 

.01 

5,958 

11,850 

1.99 

i 

5 

5.840 

.01 

3,202 

3,900 

1.22 

6 

5.070 

.01 

1,367 

4,270 

3.12 

7 

4.410 

.01 

2,932 

5,400 

1.84 

8 

3.840 

.01 

2,548 

4,840 

1.89 

9 

5.560 

.01 

141 

350 

2.48 

f 

TD- 25-01  CTA-1 

.550 

.05 

646,880 

364,000 

.56 

ASTM 

2 

.625 

.05 

125,420 

151,000 

1.20 

CT 

3 

.700 

.05 

33,300 

45,900 

1.38 

Specimens 

4 

.750 

.05 

8,627 

10,180 

1.18 

5 

.800 

.05 

5,533 

6,340 

1.15 

TD-25-03  CTA-1 

1.200 

.05 

29,120 

15,200 

.52 

2 

2.602 

.05 

2.130 

2,270 

1.07 

3 

2.295 

.05 

2,340 

2,500 

1.07 

4 

2.013 

.05 

2,390 

2,500 

1.05 

5 

1.784 

.05 

2,650 

2,780 

1.05 

6 

1.572 

.05 

2,910 

3,120 

1.07 

7 

1.376 

.05 

3,467 

3,520 

1.02 

8 

1.220 

.5 

8,160 

9,000 

1.10 

9 

1.075 

.5 

12,040 

12,470 

1.04 

10 

.941 

.5 

11,600 

12,800 

1.10 

11 

.837 

.5 

12,600 

13,500 

1.07 



.740 

.5 

13,300  1 

15,120 

1.14 
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TABLE  6.  SUMMARY,  CORRELATION  OF  GRUNMAN  TI-6AL-4V  MILL-.WNEALED 
TIT.ANIUM  BASELINE  CRACK-GROOTH  RATE  DATA  (CONCL) 


Test  Specimen  No. 

Loading  Cond 

•'^Test 

Cycles 

^Pred 

Cycles 

p=^Pred 

Remarks 

R 

^Test 

TD-25-03  CTA-13 

.650 

.5 

15,000 

16,950 

1.13 

AS1M 

14 

.566 

.5 

17,000 

19,100 

1.12 

CT 

15 

.504 

.5 

15,500 

16,180 

1.04 

Specimen.s  i 

16 

.446 

.5 

6,900 

9,550 

1.38 

TD-25-04  CTA-1 

.500 

.1 

364,640 

220,000 

.60 

1 

7 

.550 

.1 

85,320 

74,000 

.87 

3 

.650 

.1 

81,650 

131,000 

1.60 

1 

» 

4 

.750 

.1 

108,320 

104,000 

.96 

[ 

1 

5 

.900 

.1 

61,460 

65,900 

1.07 

1 

lTD-25-17  CTA-L 

.900 

.05 

0-1 

o 

54,000 

1.55 

i 

2 

1.000 

.5 

125,080 

145,000 

1.15 

3 

1.100 

.7 

229,520 

180,000 

.78 

4 

1.250 

.5 

10,790 

12,920 

1.20 

1 

TD- 25-25  CTA-1 

.750 

.05 

242,500 

310,000 

1.28 

1 2 

.750 

.3 

70,580 

84,800 

1.20 

3 

.750 

.5 

43,450 

53,400 

1.25 

TG-25-6P  CCP-1 

39.0 

.5 

32,500 

9,500 

.29 

Center 

2 

19.5 

.05 

24,250 

4,500 

.19 

Cracked 

5 

15.0 

.044 

99,100 

66,900 

.68 

Panels 

TG-25-2P  CCP-1 

10.0 

.05 

152,500 

175,000 

1.15 

2 

6.0 

.05 

385,000 

345,000 

.90 

3 

6.0 

.5 

396,000 

396,000 

.93 

4 

6.0 

- 7 

655,000 

544,000 

.83 

TG-25-5P  CCP-l 

10.0 

.05 

230,000 

141,000 

.61 

2 

10.0 

-1.0 

148,800 

162,000 

1.09 
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TABLE  7.  SUNWARY,  CORRELATION  OF  BOEING  HP- 9 -4 -.20  STEEL  BASELINE 

CRAa-GROOTH  RATE  DATA 


Test  Specimen  No. 

Load  Condition 

^est 
! Cycles 

^Pred 

Cycles 

R 

SBTSl-KFLAW  1)-1 

30. 

* . 

1 

17,600 

18,200 

1.03 

2 

60. 

3,100 

2,980 

.96 

3 

90. 

1,200 

890 

.74 

SBTSI-1(FLAW  2)-l 

30. 

17,600 

17,600 

1.00 

2 

60. 

3,100 

2,740 

.88 

3 

90. 

1,200 

900 

.75 

SBTSl-2-1 

30. 

14,700 

16,900 

1.15 

2 

60. 

1,830 

1,960 

1.07 

3 

90. 

T 

420  , 

440 

1,05 

SBTS3-1(FLAW  1)-1 

39. 

» ■ 

3 

18,500 

15,900 

.86  , 

2 

70. 

6,200 

5,860 

.95  I 

3 

116. 

1,200 

1,060 

.88  ; 

SBTS3-1(FLAIV  2)-l 

39. 

18,500 

19,900 

1.08 

2 

70. 

6,200 

5,590 

,90 

3 . 

116. 

1,200 

1,230 

1.03 

SBTS3-2-1 

39. 

14,580 

20,130 

1.38 

2 

70. 

1,420 

730  ' 

.51 

3 

116. 

520 

460 

,88 

SBTS5-1(FLAW  1)-1 

54. 

.! 

5 

14,510 

13,360 

.92 

2 

93. 

5,000 

4,520 

.90 

3 

126. 

2,300 

2,100  ! 

.91 

SBTS5-1(FLAW  2)"1 

54. 

14,510 

13,900  , 

.96 

2 

95. 

5,000 

4,490 

,90 

3 

126. 

2,300 

2,150 

.95 

SBTS5-2-1 

54. 

9,000 

8,570 

.95 

2 

93. 

2,500 

2,110 

.84 

3 

126. 

T 

1,700 

1,860 

1.09 
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TABLE  8.  SU>MARY,  CROSS -CORRELATION  OF  BOEING  2219-T851  ALUMINUM  BASELINE 

CRACK  GROWTH  RATE  DATA 


Test  Specimen 

Test 

Boeing  Eq- 

Grumman  Eq, 

Rockwell  Eq. 

a,  ksi 

' R 

N,  eye 

N,  eye 

R 

N,  eye 

R 

N,  eye 

R 

SBTAl-1  (flaw  11 -1 

16 

- 

1 

7,100 

13,700 

1.93 

15,060 

2.12 

14,150 

2.18 

2 

24 

1,950 

1,540 

.79 

1,690 

.87 

1,280 

.86 

3 

50 

280 

245 

.88 

2"5 

.98 

270 

.96 

SBT.Al-1  (flaw  2)-l 

16 

7,100 

9,000 

1.27 

9,960 

1.40 

10,170 

1.42 

2 

24 

1,950 

1,505 

.77 

1,650 

.85 

1,600 

.82 

3 

30 

280 

243 

.39 

260 

.93 

250 

.89 

SBTAl-2-1 

16 

4,980 

4,070 

.82 

4,470 

.90 

4,470 

.90 

24 

545 

360 

.66 

390 

.72 

580 

.70 

3 

30 

r 

111 

209 

1.88 

230 

2.07 

210 

1.89 

SBTA3-i  (flaw  1)-1 

20 

- 

5 

6,260 

5,920 

.95 

5,780 

.98 

6,280 

1.06 

2 

30 

920 

800 

.87 

770 

.96 

800 

.87 

5 

38 

130 

178 

1.37 

170 

1.31 

170 

1.31 

SBTA5-1  (flaw  2)-l 

20 

6,260 

5,950 

.95 

5,840 

.93 

6,260 

1.01 

30 

920 

792 

.86 

760 

.83 

780 

.85 

3 

38 

130 

279 

2.15 

260 

2.00 

270 

Z.07 

SBTA-3-2-1 

20 

2,820 

2,350 

.33 

2,280 

.81 

2,420 

*86 

30 

1 

r 

501 

328 

1.09 

320 

1.06 

530 

1.10 

SBTA5-1  (flaw  11-1 

20 

. 5 

14,100 

11,550 

.82 

11,500 

.80 

11, 6:^0 

.33 

50  ' 

2,360 

2,200 

.93 

2,120 

.90 

2,110 

.89 

3 

40 

200 

354 

1.67 

330 

1.65 

320 

1.60 

SBTA5-1  (flaw  21-1 

20 

14,100 

13,800 

.98 

13,280 

.94 

13,500 

. 9b 

2 

50 

2,360 

1,640 

.69 

1,580 

.67 

1 ,560 

.66 

3 

40 

200 

550 

2.75 

SBTA5-2-1 

20 

8,500 

6,950 

.83 

6,600 

.80 

6 jb5G 

.80 

50 

1 

f 

900 

760 

.84 

720 

.30 

700 

.78 

N 

Test 
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TABLE  9.  CRACK  GROWTH  CROSS -CORRELATION  OF  BOEING  2219-T8S1 

ALUMINUM  BASELINE  DATA 


Range  of  R 

From 

To 

Grumman  Equation 

Boeing  Equation 

Rocbvell  Equation 

0.70 

1.30 

681 

68% 

68% 

0.85 

1.15 

441 

361 

48% 

0.70 

1.00 

6n 

60% 

i 

56%  1 

0.85 

1.00 

40% 

32% 

1 

36%  ! 

Mean 

1.05 

1.14 

1.05 

Standard 

Deviation 

0.48 

0.55 

0.47  . 

^ ‘\red 
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TABLE  10.  SUNMARY,  CROSS- CORRELATION  OF  GRUMMAN  2219-T851  ALUMINUM  BASELINE 

CRACK  GROWTH  RATE  DATA 


Test 

Grumrtan  Eq. 

Boeing  Eq. 

Rockwell 

Eq. 

Test  Specimen  No. 

P,  Kips 

R 

N,  Cy  c 

Nn  , Cyc 
Pred,  ' 

R 

N„  . Cyc 
Pred, 

R 

R 

AG-2S-01-CTB  *1 

.950 

.7 

489,000 

570,000 

1.16 

367,000 

.75 

472,000 

.97 

2 

.950 

.5 

5,000 

7,750 

1.55 

8,100 

1.62 

7,860 

1.57 

3 

.950 

.3 

8,300 

8,800 

1.06 

9,110 

1.10 

3,340 

1.13 

4 

.500 

.1 

50,450 

13,250 

.43 

12,000 

.39 

13,400 

.44 

AG-25-02A-CrB-l 

.500 

-1. 

264,100 

327,000 

1.24 

- 

312,000 

1.18 

AG-25-20-CTB  -1 

.700 

-1. 

65,100 

78,000 

1.20  ' 

- 

' 

72,500 

1.11 

AG-2S-21-CrB  -1 

.500 

-1. 

286,800 

250,600 

.87 

- 

- 

236,000 

.82 

AG-25-27-CTB  -1 

.420 

.05 

677,400 

522,000 

.77 

472,000  ! 

.70 

535,000 

.79 

AG-25-29*CrB  -1 

.998 

.7 

195,000 

122,000 

.63 

77,800 

.40 

100,800 

.52 

2 

.998 

0 

19,300 

17,300 

.90 

14,300 

.74 

16,090 

.83 

AG-25-30-CTB  -1 

.951 

i 

424,100 

1 341,000 

.80 

219,000 

.52 

282,000 

.66 

2 

.951 

.5 

51,900 

43,000 

.83 

44,300 

, .85 

43,800 

.84 

3 

.951 

*5 

7,600 

7,720 

1.01 

7,970 

1.05 

8,150 

1.07 

4 

.951 

.1 

2,550 

1,830 

.78 

1,690 

.66 

1,760 

.69 

5 

.500 

.1 

139,050 

6,300 

.04 

5,900 

.04 

6,300 

.04 

6 

.500 

-.1 

1,025 

1,090 

1.06 

- 

- 

810 

.79 

AG-50-01-CTB  -1 

1.400 

.05 

89,500 

106,000 

1.18 

92,800 

1.04 

105,500 

1.18 

AD-2S-06-CTA  -1 

.880 

.7 

548,774 

306,600 

.88 

196,000 

.56 

253,700 

.73 

2 

.880 

.5 

26,911 

28,000 

1.04 

28,900 

|1.07 

28,800 

1.07 

5 

.710 

.3 

13,015 

15,200 

1.17 

15,600 

1.20 

16,500 

1.27 

4 

.710 

.05 

5,010 

6,170 

1.23 

5,360 

1.07 

j 6,050 

1.20 

5 

.580 

.7 

169,609 

183,600 

1.08 

116,900 

.69 

152,300 

.90  1 

6 

.580 

.5 

32,480 

26,500 

.82 

27,500 

.85 

27,600 

.85 

7 

.490 

.3 

14,658 

16,850 

1.15 

17,340 

1.18 

18,660 

1.27 

212 


TABLE  10.  SUNWARY,  CROSS -CORRELATION  OF  CRIMEAN  2219-T851  .UUMINUM  BASELINE 

CRACK  GROWTH  RATE  DATA  (CONT) 


T 

est 

GTXDTiman  Eq. 

Boeing  Eq. 

Rockwell  Eq. 

Test  Specimen  No, 

P > Kips 

R 

N,  Cyc 

N„  , Cyc 
Fred,  ’ 

R 

N Cyc 

Pred,  ^ 

R 

R 

AD-25-06-CTA  -8 

.490 

.05 

5,343 

6,160 

1.15 

5,350 

1.00 

6,060 

1.13 

9 

.400 

.5 

45,805 

49,400 

1.08 

51,500 

1.12 

52,360 

1.14 

10 

.400 

.05 

8,939 

9,500 

1.06 

8,260 

.92 

9,390 

1.05 

11 

.330 

.3 

20,549 

24,670 

1.20 

25,470 

1.24 

27,600 

1.34 

12 

.330 

.05 

9,968 

10,430 

1-05 

9,050 

.91 

10,320 

1.04 

13 

.280 

-1. 

8,842 

7,750 

.88 

- 

- 

7,190 

-81 

14 

.280 

.5 

28,699 

34,400 

1.20 

35,700 

1.24 

36,100 

1.26 

15 

.200 

.05 

27,326 

24,440 

.89 

21,540 

.79 

24,700 

.90 

AD-25-08-CTA  -1 

1.657 

.7 

30,942 

42,100 

1.36 

27,500 

1.13 

33,100 

1.07 

2 

1.321 

.3 

2,251 

1,330 

.59 

1,440- 

' .64 

1,440 

.64 

3 

1,321 

.05 

892 

750 

.84 

670 

.75 

700 

.78 

4 

1.055 

.7 

25,238 

33,400 

1.32 

19,460 

.77  ^ 

23,960 

‘ .95 

5 

1.055 

.5 

4,006 

3,490 

.87 

3,650 

.91 

3,460 

.86 

6 

.839 

.3 

3,650 

2,560 

.70 

2,640 

.72 

2.700 

.74 

7 

' .839 

-05 

1,246 

1,090 

.87 

960 

.77 

1,020 

.82 

s 

.671 

.5 

6,163 

5,580 

.91 

5,800 

.94 

5,610 

.91 

9 

.671 

.05 

1,145 

900 

.79  , 

790 

.69 

^ 850 

.74 

10 

.535 

.3 

3,662 

3,210 

.88 

3,300 

.90 

3,430 

.94 

11 

.535 

.05 

1,296 

1,100 

.85 

970 

.75 

1,050 

-81 

12 

.427 

.05 

2,609 

1,800 

.69 

1,570 

.60 

1,730 

.66 

13 

.427 

.5 

5,658 

5,360 

.95 

5,550 

-98 

5,390 

.95 

14 

.340 

.05 

5,527 

4,020 

.73 

5,500 

.63 

3,850 

.70 

NOTE  R = — 
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TABLE  10.  SUMMARY,  CROSS -CORRELATION  OF  GRUNWAN  2219-T851  .UUMINUKf  BASELINE 

CRACK  GROWTH  RATE  DATA  (CONT) 


Test 

Grumman  Eq- 

Boeing  Eq. 

Rockwell  Eq. 

Test  Specimen  No. 

P,  Kips 

R 

N,  Cyc 

Npred.<^>’<= 

R 

R 

Ved,‘^>’‘= 

R 

.AD-3S-09-CTA 

,450 

,1 

146,260 

169,800 

1.16 

160,100 

1.09 

180,300 

1.23 

2 

.500 

,1 

40,750 

44,400 

1.09 

40,380 

.99 

45,780 

1.12 

3 

.600 

.1 

19,950 

20,430 

1.02 

18,540 

.93 

20,680 

1.04 

.AD-’S-IO-CTA  -1 

.300 

.05 

1,336,700 ‘ 

997,000 

.75 

975,000 

.73 

1,052,000 

.79 

2 

,442 

.05 

44,610 

49,300 

1.11 

43,300 

.97 

49,500 

1.11 

3 ' 

.442 

1 .5 

124,840 

126,900 

1.02 

131,400 

l.OSi 

132,700 

1.06 

4 

.442 

.05 

10,805 

10,630 

.98 

9,230  ' 

.85 

10,250 

.95 

s 

.442 

.05 

6,700  ' 

5,830 

.87 

6,090 

.91 

6,510 

.97 

.■y)-25-18-CTA  -1 

1.080 

.05 

4,050 

1,900 

.47 

1,650 

,41 

1,840 

.45 

2 

.855 

.05 

4,000 

6,300 

1.57 

5,480 

1.37 

6,220 

1.56 

3 

.690 

.05 

12,480 

16,920 

1.36 

14,800 

1,19 

16,880 

1.35 

4 

.550 

.05 

8,000 

10,350 

1.29 

9,140 

1.14 

10,460 

1.31 

S 

.500 

.05 

12,000 

13,250 

1.10 

11,800 

-98 

13,500 

1.12 

6 

.470 

.05 

16,000 

21,850 

1.37 

19,500 

1.22 

22,260 

1.59 

7 

.425 

.05 

8,000 

18,800 

2.35 

16,900 

2.11 

19,200 

2.40 

8 

.575 

.05 

24,090 

38,300 

1.S9 

34,900 

1.45 

39,500 

1.64 

9 

.350 

.05 

24,010 

15,700 

,65 

14,400 

.60 

16,200 

.67 

10 

, 525 

.05 

28,010 

17,700 

,63 

16,400 

.58 

18,550 

-66 

11 

.300 

-05 

47,360 

45,500 

.96 

42,850 

.90 

47,550 

1.00 

i: 

.320 

.05 

30,000 

54,500 

1-15 

32,400 

1.08 

55,750 

1.19 

15 

.340 

.05 

55,000 

25,700 

.73 

23,100 

.66 

26,100 

.75 

14 

.360 

.05 

22,000 

19,950 

.91 

18,000 

.82 

20,600 

.94 
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TABLE  10.  SUNMARY,  CROSS-CORREUTION  OF  GRIMIAN  2219-T851  ALUNIINUM  BASELINE 

CRACK  GROIYTH  RATE  DATA  (CONCL) 


Test 

Grumman  Eq, 

Boeing  Eq- 

Rockwell  Eq. 

Test  Specimen  No, 

P,  Kips 

R 

N,  Cyc 

N j Cyc 
Pred, 

R 

R 

..  Cyc 
Pred, 

R 

AD-25-18-CTA-1S 

.380 

.05 

14,000 

15,250 

1.09 

13,560 

.97 

15,500 

1.11 

16 

.400 

.05 

9,000 

11,650 

1.29 

10,300 

1.14 

11,800 

1.31 

17 

.420 

.05 

6,750 

9,000 

1.33 

7,940 

1.18 

9,100 

1.55 

IS 

• 470 

• 05 

4,000 

5,400 

1.35 

4,700 

1.17 

5 , 380 

1.35 

19 

.490 

.05 

4,000 

4,490 

1.12 

3,900 

.97 

4,460 

1.12 

20 

.510 

.05 

4,000 

3,590 

0.90 

3,100 

.77 

3 , 530 

0.88 

21 

.530 

.05 

2,580 

2,880 

1.11 

2,500 

.97 

2,830 

1-101 

22 

• 550 

• 05 

2,010 

1,530 

.76 

2,010 

1.00 

2,270 

1.13 

23 

.580 

.5 

59,610 

58,100 

• 97 

60,200 

1.01 

58,800 

.99 

AG-2S-1P-CA  -1 

10.0 

.05 

44,000 

35,400 

.80 

30,070 

• 68 

34,300 

.78 

2 

6.0 

• 05 

62,000 

55,300 

.89 

47,800 

.77 

53,700 

.8? 

3 

6.0 

.5 

81,000 

71,000 

.87 

73 , 700 

.91 

72,100 

.89 

4 

6.0 

.7 

95,760 

118,300 

1.24 

76,800 

.81 

93,300 

.97 

AG-25-7P-CA  -1 

10.0 

.05  1 

45,000 

40,000 

.88 

35,100 

.78 

40,000 

.89 

2 

6*0 

*1.0 

290,900 

184,200 

.63 

1 

- 

171,000 

.59 

AG-25'12P-C:A  -1 

16.0 

-3 

7,960 

3,330 

.42 

3,480 

.44 

3,450 

.43 

2 

12.0 

• 4 

11,515 

9,100 

.79 

9,600 

.83 

9.500 

. 85 

3 

8.0 

.6 

144,285 

137,300 

.95 

116,200 

,81 

108,500 

.74 

note  R = 

Test 
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TABLE  11.  CRACK  GROOTH  CROSS -CORRELATION  OF  GRUMMAN  2219-T851 

.ALUMINUM  BASELINE  DATA 


Range  of  R 

From 

To 

Grumman  Equation 

Boeing  Equation 

Rockwell  Equation 

0.70 

1.30 

lt% 

68% 

73% 

0.85 

1,15 

43% 

39% 

43%  1 

0.70 

1.00 

40% 

41% 

41%  1 

I 

0.85 

1.00 

24% 

22% 

20% 

Mean 

0.99 

0.84 

0,98 

Standard 

Deviation 

0.30 

0.36 

0.31 

_fpred 

\ 

Test 
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TABLE  12.  SUMMARY,  CRACK  GROV^fH  DATA  CORRELATIONS,  MEITODOLOGY  DEVELOPMENT 

TEJ?I‘  PROGRAM,  GRajPS  I I-HRarjH  III 
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Note: 


TABLE  12.  SUMARY,  CRACK  CROWITI  IJATA  CORRHLATIONS,  Mlilli()IK)LOCY  DEVEIXIPMENT 
TEST  I'ROCIiAM,  GROUPS  I THRaJGH  111  {COI^’) 
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TABLE  12.  SlINMARY,  CILACK  CKOWIH  DA'JA  CORRIilAITONS,  Mf;  11101  X)U1GY  DEVELOIM-Nl' 

TEsr  pr(x;ram,  oRaiPs  j tikoiioi  hi  (coni) 
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TABLE  12.  SlJNMMtY,  CRACK  CfWl'H  OATA  CORllEIJ\TIONS,  METHOIXILOGY  DEVELOIM:NT 
TES'I'  I»RCX;RAM,  groups  I THROUGH  III  (CORD 
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TABil-  P SlMWItY,  CRAtIK  GIWI’H  DATA  CORRKlJVrfONS,  M1'1H01X)L0GY  DIM;IX)J’Ml*N'l 

THSr  mOt]RAM,  GRaJPS  1 •I’HRaiGH  111  (COMl) 
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TABLE  12.  SinvWARY,  CRACK  GROm’H  DATA  C01M:lJ\TIONS,  METHODOLOGY  DHVEL01W:Mr 

TEST  PROGRAM,  GRajPS  I 'l•HROUa^  III  (CONI') 
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TABLE  12.  .SDNMAKV,  LILACK  tlWWni  DATA  CORklilAlTONS,  MjrillOlKlIXX'.Y  I )iiVELOPMEWr 
Ti:sT  FUcxiRAM,  tjkcxips  I TiiRan:ii  III  (t:oNr) 
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i’ABLl:  12.  SlINWAKY,  CIUCK  GROIVIH  DATA  COIlRIilJYl’rONS,  METl'HODOLOGY  DEVl:LOPMI;I^l’ 
TRSr  PRa^RAM.  GRCXJPS  I nniOUQI  HI  (COWr) 
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TABLE  12.  SIJNMARY,  CRACK  GROOTH  DATA  CORRELATIONS,  ME'I’HODOLOGY  DEVELOPMENl' 
TEST  PROGRAM,  GROUPS  I THROUGH  III  (CONCLJ 


225 


TliST  PROGIiAM,  UIOIPS  IV  AND  V 


>; 


\n 


KV 

uj 


-K 

4£ 
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a> 


II 
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Counted  from  cotimon  initial  crack  size 


TABLE  13.  SIJNMARY,  CRACK  GROWni  DATA  CORRliUT  1 ONS , METHODOLOGY  DEVELOPMENT 

THSrr  PROGRAM,  GRaJPS  IV  AND  V (CONI') 


■K 

■K 


It 
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Counted  from  common  initial  crack  size 


TABl.H  13.  SimMtY,  CIW.'K  GliOl\fltl  DATA  CORliKIAITONS,  Nfl;l’il01X)l,0GY  DDVlimMKr 
THSr  DROG1W1,  GROUPS  IV  AND  V (CONT) 
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**GoLintcd  from  common  initial  crack  size 


TABLE  13.  SU^MARY,  CRACK  GROVYm  DATA  CORREIJVTIONS,  METHODOLOGY  DEVELOHMI-Nfr 

TEST  mOGRAM,  (IROUPS  IV  AND  V (CONT) 


T3 

U 

a 


71 
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**CounteU  from  common  initial  crack  size 


rABKH  13.  SlMBUy,  ClWCK  UROWl'il  DATA  CORRI-UTIONS,  M):rHOlKll.(X:Y  DDVKI.Ol'MI-Nr 

Ti;ST  PRt,X;iiAM,  CIOIRS  IV  AND  V (COMI  J 
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Counted  from  common  initial  crack  size 


TABLh  13.  SIMIARY,  CRACK  GRCflYrH  DATA  C0RRFJJ\T10NS,  MH'I'HODOI.OC.Y  DEVELOPMENT 

THSr  PROGRAM,  GROUPS  IV  AND  V (CON’i') 
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TABLE  13.  SlINMARY,  CRACK  caOYni  DATA  CORREIA'I  IONS,  Ml ni  01)01. OCY  DEVEl-OIT^nwr 

TE!?1‘  PROGRAM,  GRaJPS  IV  AND  V (CONI' J 


7; 

Q> 


II 

'K 
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**Ccxinted  from  coiwnon  initial  crack  size 


TABLE  13.  SUNMARY,  CRACK  GROWFH  DATA  CORRELATIONS,  MKl’HOIXILaiY  DBVELOI^IKNT 

TEST  PROGRAM,  GROUPS  IV  AND  V (CONCL) 


it 


II 


0^ 

■K 
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Counted  from  coranon  initial  crack  size 


TABLE  14.  MISSION  PROFILE  AND  STRESS  DATA 


— 

1,0  q Stress 

Ground 

Mission 

Segment 

Cycles 

Stress 

ksi 

Climb 

65 

10,783 

1 

j Assault 

Cruise 

Gust 

15 

25 

9.075 

9,000 

-6.4 

Descent 

45 

10,622 

1 

j 

Climb 

10 

9.339 

i , 1 

1 Logistics  j 

! Cruise 

Gust 

5 

45  i 

7,458 

i 9,000  : 

-11.5 

1 

1 i 

i 1 

Descent 

10  1 

1 10,272  ; 

i 

' 1 

\ 1 

1 

Climb 

40 

6,559 

1 Training  . 

1 

Cruise 

Gust  J 

10 

45 

6,171  ; 

9,000 

-8,9 

Descent  ' 

1 

i 

20 

9,648 

T.ABLE  15.  TRANSFORMATION  COEFFICIENT  R*,  VARIANCE  AND  ZERO  UPCROSSINGS 
Nq  FOR  TRANSPORT  LOAD  SPECTRA 


1 

1 

Mission 

0 

Segment 

R* 

Cycles  per  Hour 

..  1 

-2 

Climb 

2,10 

2,75  X 

10  t 

270 

Assault 

Cruise 

Gust 

2,15 

2,66 

3,11  X 
3,20  X 

lo:^ 

10  ^ 

41 

47  ! 

Descent 

2,00 

2,71  X 

lo' 

190  ! 

1 

1 

1.95  X 

10 
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Logistics 
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1,0  4 
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10“^ 
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2,66 

3.20  X 

47 

Descent 

1,02 

1.96  X 

10 

9 

j 

2,99  X 

, -2 

160 

Climb 

2.00 

10_2 

Training 

Cruise 

2.00 

2,8  3 X 

10  T 

40 

Gust 

Descent 

2.66 

2.28 

3,20  X 
3,4  9 X 

10 

47 

6 5 ' 

1 

1 

234 
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1ABI.K  18.  PARAfOrniRS  A,  C,  AND  C(Aab)^^^  (Wmi  COHPRTSSIVE  STRESSES  INCUIDED;  a =30  KSI) 
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TABLE  19.  PAIWtETl-RS  A,  C,  AND  CCAob)  ^ (WITH  COMPRI-SSIVE  STRESSES  INCLUDED,  o =40  KSI) 
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TABl,l;  20.  PA1W1ET1:RS  A,  C,  AND  FOR  NEIV  VALUF.S  OF  CONSTANTS 

(a  = 20  KSI) 
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TABM-:  21.  PARAMim;RS  A,  C,  AND  CCAoh)^^*’  FOR  NEW  VALUES  OF  CONSTAMFS 
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TAHI.i:  22.  PAl!Affi;Tl-:ii.S  A,  C,  AND  CCAob)^/*^  FOR  NHV  VALUES  OP  CONSTAN'fS 

(o  = 40  KSI) 
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TABLE  24.  SENSITIVITY  OF  A,  C,  TO  DIFFERENT  CONSTANT 

ANPLITUDE  LOADINGS  (b=2,  = -0.15,  R^jjt  " 

•^LIM  = 20  KSI) 


— j— 1/b 

0 

max 

'^min 

R 

(Ac'^) 

A 

c 

— g-A/b 

% 

% 

(ksi) 

C(Aa°) 

120 

ae 

.4 

14.40 

3.390 

.6074oe-oe 

.S1260E-O4 

120 

36 

.3 

16.80 

3.384 

.42704E-08 

.S9849E-04 

120 

2a 

.2 

1'?.20 

3.379 

.3151UE-08 

,603646-04 

120 

12 

. 1 

21,60 

3.373 

.2a203E-08 

.76626E-04 

120 

0 

,0 

24.00 

3.360 

.19157E-0e 

.8S230E-04 

120 

-12 

-.1 

26.40 

3.362 

.15S63E-08 

.93541E-04 

110 

44 

,4 

13.20 

3.398 

.S9577E-08 

.38289E-04 

no 

33 

.3 

15.40 

3.594 

.41762E-0B 

.447646-04 

no 

22 

.2 

17.60 

3.309 

.30773E-08 

.5I230E-04 

no 

11 

. 1 

19.80 

3,386 

,23482E-O0 

.S7653E-04 

no 

0 

.0 

22.00 

3.302 

.184786-00 

.64050E-04 

no 

-11 

-.1 

24.20 

3.377 

.149206-00 

.70390E-04 

100 

ao 

.4 

12.00 

3.404 

.5e9H7E-08 

.277936-04 

100 

JO 

.3 

14,00 

3.401 

.41 I48E-08 

.325066-04 

100 

20 

.2 

16.00 

3.397 

.301976-08 

.372276-04 

100 

10 

.1 

18.00 

3.396 

.228586-08 

.419046-04 

100 

0 

.0 

20.00 

3.393 

.179846-08 

.466386-04 

100 

-10 

-.1 

22.00 

3.390 

.144'56t-08 

.5131 lE-04 

90 

36 

.4 

10.80 

3.400 

,504636-08 

. 194496-04 

90 

27 

.5 

12.60 

3.406 

.406826-08 

,227766-04 

90 

18 

.2 

14.40 

3.404 

.297176-08 

.260946-04 

90 

9 

.1 

16.20 

3.403 

.224936-00 

.294016-04 

90 

0 

.0 

18.00 

5.401 

.176416-08 

,327476-04 

90 

-9 

-.1 

19,80 

3.398 

. 141486-08 

.360566-04 

ao 

32 

.4 

9.60 

3.411 

.581396-08 

. 1 30326-04 

80 

2u 

.3 

11.20 

3.410 

.404006-08 

.152656-04 

ao 

lb 

.2 

(2.00 

3.411 

.292406-08 

.174046-04 

ao 

a 

. 1 

14.40 

3.409 

.221816-08 

.197366-04 

ao 

0 

.0 

16.00 

3.406 

.172966-08 

.219676-04 

60 

-a 

-.1 

17.60 

5.407 

.138166-08 

.^4^056-04 
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TABLE  24.  SENSITIVnY  OF  X,  C,  TO  DIFFERENT  CONSTANT 

AilPLITUDE  LOADINGS  (b=2,  = -0.15,  R^^  = 0.45, 

a =20  KSI)  (CONT) 

LIM 


1/b 

0 

max 

0 ^ 
min 

R 

(Ao^) 

\ 

c 

% 

% 

(ksi) 

C(Ao  ) 

70 

26 

/?.ao 

3.016 

.S7579E-0« 

,»2a79E-(J5 

70 

21 

.i 

<).eo 

3.021 

.39202E-08 

.96360E-n5 

7 0 

la 

,? 

1 1 ,?0 

3.O20 

,?H562E-08 

. 1 106OE-0O 

70 

7 

. t 

12.60 

3.010 

,21<>Obt-(J8 

.12522t-0o 

70 

0 

.0 

la.OO 

5.015 

.16983E-08 

. 1 39«3fc-0O 

70 

-7 

15,«0 

5.013 

. 13597E-06 

.1556OE-0O 

60 

20 

.0 

7.20 

3.036 

.54577t-08 

.a8159E-05 

60 

18 

.3 

8.00 

3.022 

.39205t-08 

.56991E-05 

60 

12 

.2 

9.60 

3.020 

.28252E-08 

.65232E-05 

60 

6 

. 1 

10,80 

3.029 

.20993E-08 

.73O32E-0S 

60 

0 

.0 

12.00 

3.010 

, 17008E-0H 

.82O90E-05 

60 

-6 

-.1 

13.20 

3.015 

.t3523E-0e 

.90857E-OS 

50 

20 

.0 

6.00 

3.032 

.S5167E-08 

.25800fc-OS 

50 

IS 

.3 

7.00 

3.059 

.35527E-08 

.297O8E-05 

SO 

10 

.2 

8.00 

3.002 

.26993E-08 

.3O63SE-0S 

50 

5 

. 1 

9.00 

3.025 

.21299E-08 

.39O80E-0S 

SO 

0 

.0 

10.00 

3.027 

. 16059E-08 

.O3958E-0S 

so 

-s 

-.  1 

11.00 

3.037 

. 12696£-oa 

.a8l78E-05 

ao 

16 

.0 

0.80 

3.571 

.O0S62E-08 

. 10978E-0S 

ao 

12 

.3 

S.60 

3.086 

.33O80E-08 

. 13580E-05 

uo 

0 

.2 

6.00 

3.503 

.229O9E-08 

.15290E-OS 

ao 

a 

.1 

7.20 

3.027 

.21 038Eo08 

.18236E-05 

ao 

0 

.0 

8.00 

3.055 

. 15126E-08 

.19966E-05 

ao 

*a 

-.1 

8.80 

3.037 

. 1268OE-08 

.22350E-OS 

30 

12 

.0 

3.60 

3.016 

.S5105E-08 

.03800E->06 

30 

9 

,3 

0.20 

3.377 

,Oia70E>08 

.S3271E-06 

30 

6 

.2 

0.80 

3.506 

.20932E-Oe 

,50070E-06 

30 

3 

. 1 

5.00 

3.575 

.10626E-08 

,60690E-06 

30 

0 

.0 

6.00 

3. 600 

.95508E-09 

.65396E«06 

30 

-3 

•.  1 

6.60 

3.090 

.1102tE-08 

.79921E-06 
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TABLE  24.  SENSITIVITY  OF  A,  C,  TO  DIFFERENT  CONSTANT 

AMPLITUDE  LOADINGS  (b=2,  R^t  = “0.15, 

0 = 20  KSI)  (CONCL) 

LIM 


— t^l/b 

(Aa°) 

(ksi) 

A 

C 

h 

C(Ao°) 

Air-to-Air  (A-A) 

7.402 

3.446 

7.449  X lO"® 

7.384  X 10"^ 

Air-to-Ground  (A-G) 

6.873 

3.467 

4.352  X 10"® 

3.473  X 10"^ 

Instrumentation 
and  Navigation  (I-N) 

4.672 

3.633 

1.265  X 10"® 

3,423  X 10"® 

Composite 

7.176 

3.466 

5.562  X 10"® 

5.145  X 10"^ 

Note:  Parameter  Values  Listed  in  the  Categories  A-A,  A-G,  I-N  and 
Composite  for  Stress  Intensity  Factor  Range 
Kth  < K < are  taken  from  Table  4-III. 
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TABLE  25.  SENSITIVm  OF  A,  C.  TO  DIFFERENT  CONSTANT 

AMPLITUDE  LOADINGS  Cb=2,  R"  . = -0.15.  RJu.  = 

= 30  KSI) 


LIM 


0 

max 

% 

°rain 

% 

R 

T 

/b 

A 

c 

1 ^1-1 

(Acf^) 

b 

C(&a°) 

1^0 

aw 

*a 

21.60 

3.362 

.6a767e-06 

.198206-03 

\i0 

56 

.5 

25.20 

3.35  5 

.060095-08 

.230286-03 

1 2(1 

2a 

.2 

20. BO 

3,305 

.3aO22fc-08 

.261806-03 

120 

12 

. 1 

32.00 

3.335 

.26822^-08 

.292606-03 

1 ?0 

0 

.0 

56.00 

3.32a 

.21626E-08 

.322586-03 

120 

•12 

-.1 

3<»  ,60 

3.317 

. 17712E-08 

.352816-03 

1 10 

aa 

*a 

l'5.SO 

3.37a 

.62899E-08 

.109506-03 

1 1 0 

53 

.5 

25.10 

3.368 

.aaa25F-08 

.173766-05 

1 1 0 

22 

.2 

26. ao 

3.362 

.32958E-08 

.198056-03 

1 10 

1 1 

. 1 

29.70 

3.355 

.25o29e-08 

.222056-03 

t 1 0 

0 

.0 

33.00 

3.308 

,202a3e-08 

.205716-03 

1 10 

-1  1 

-.1 

36,30 

3.305 

.160306-08 

.269286-05 

100 

ao 

18.00 

3.385 

.6ia91E-0e 

.108986-03 

1 00 

30 

.3 

21.00 

3.380 

.O3159E-08 

.127126-03 

100 

20 

.2 

2 a. 00 

3.375 

.31851E-08 

.105126-03 

100 

10 

. 1 

27.00 

3.371 

.2aaoiE-08 

.163066-03 

1 00 

0 

.0 

30.00 

3 . 366 

.19272E-08 

.180836-03 

100 

•10 

-.1 

33.00 

3.361 

. 15602E-06 

.198036-03 

90 

36 

16,20 

3,393 

.60384E-08 

.766916-00 

90 

27 

.3 

18.00 

3.390 

.022016-08 

.895816-00 

90 

18 

.2 

21  ,60 

3.38b 

. 3t016E-08 

.102006-03 

90 

9 

. 1 

20.30 

3,383 

.236636-08 

.115206-03 

90 

0 

.0 

27.00 

3.380 

, 1859aE-08 

.128026-03 

90 

• 9 

-.1 

20.70 

3.376 

.109906-08 

,100636-03 

80 

32 

ia.«o 

3.399 

.595706-08 

.5161 lE-OO 

80 

2a 

.5 

16.80 

3.397 

.015376-08 

.603586-00 

ao 

16 

.2 

19.20 

3.395 

.30391E-08 

.691006-00 

80 

6 

.1 

21,60 

3.393 

.231056-08 

.778356-00 

80 

0 

.0 

2«.00 

3.390 

.181036-08 

.865576-00 

ao 

-ft 

-.1 

26. ao 

3.388 

,105226-08 

.952056-00 
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TABLE  25.  SENSITIVITY  OF  X,  C,  TO  DIFFERENT  CONSTANT 

AMPLITUDE  LOADINGS  (b=2,  = -o.i5,  R^ut  = 0-45, 

a =30  KSI)  (CONT) 


a 

max 

% 

0 * 
min 

% 

R 

-^1/b 

(Aa“} 

\ 

C 

b 

c(Aa  ) 

70 

.‘i 

12,60 

3.U07 

,58691F-0fl 

.329a3E-0« 

70 

.5 

ia.70 

3.ao« 

.a0826E-0H 

.389326-0“ 

70 

la 

16.80 

3.a02 

.2991UE-08 

.990586-0“ 

70 

7 

. 1 

18,90 

3. “00 

.2271HF.-08 

.996866-09 

70 

0 

.0 

21.00 

3.399 

. 1 7739E-0H 

.552876-09 

7n 

-7 

-.1 

23.10 

3.397 

.1^2016-08 

.608826-09 

6 0 

.9 

10.80 

3.912 

.580966-06 

.195086-09 

60 

.3 

12.60 

3,911 

.9029<)E-08 

.228606-09 

60 

1? 

.2 

19.90 

3.910 

.293766-08 

.262066-09 

bO 

6 

. 1 

16.20 

3.910 

.221716-08 

.295936-09 

60 

0 

.0 

18.00 

3.908 

.173976-08 

.329206-09 

60 

^6 

-.  1 

19.80 

3.903 

.139796-08 

,561736-09 

50 

20 

.9 

9.00 

3,923 

.569706-08 

. 109276-09 

50 

lb 

.3 

10.50 

3.9  18 

.595896-08 

.122586-09 

50 

10 

.2 

12.00 

3,919 

,291126-08 

.190726-09 

50 

b 

. 1 

13.50 

3.917 

.217876-08 

.158656-09 

50 

0 

.0 

15.00 

3.916 

.169706-08 

.176906-09 

50 

-S 

1 

le.50 

3,913 

.136566-08 

.195206-09 

40 

I 6 

. 9 

7.20 

3.990 

.592596-08 

.982986-05 

40 

.3 

8.90 

3.923 

.390916-08 

.570596-05 

40 

a 

.2 

9.60 

3.927 

.281386-08 

.653296-05 

40 

4 

. 1 

10.80 

3.932 

.208826-08 

,736036-05 

40 

0 

.0 

12,00 

3.916 

.170156-08 

.825616-05 

40 

-a 

-.  I 

13.20 

3.917 

. 1 39896-08 

,909596-05 

30 

Ic 

.9 

5.40 

3.587 

.395666-08 

,167566-05 

30 

9 

.3 

b.30 

3.996 

. 367786-08 

.209136-05 

30 

6 

.2 

7.?0 

3,973 

.298776-08 

.236116-05 

30 

3 

. 1 

5,10 

3.495 

.201136-06 

.271316-05 

50 

0 

.0 

9,00 

3.929 

,163796-08 

,306566-05 

30 

-3 

-.  1 

9,90 

3.927 

.130956-08 

.358356-05 
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TABLE  25.  SENSITTVITY  OF  C,  TO  DIFFERENT  CONSTANT 

AMPLITUDE  LOADINGS  Cb=2,  R^ut  = “0.15,  = 0.45, 

®LIM  " (CONCLJ 


— E-l/b 
(Ao  ) 
(ksi) 

X 

c 

b 

C(4o  ) 

Air-to-Air  (A-A) 

Air-to-Ground  (A-G) 

Instrumentation 
and  Navigation  (I-N) 

Composite 

11.100 

10.310 

7.008 

10.760 

3.405 

3.436 

3.558 

3.451 

8.171  X 10“® 
4.652  X 10"® 

1.485  X 10’® 

5.850  X 10'® 

2.964  X 10'^ 

1.408  X 10"^ 

1.513  X 10“^ 

2.129  X 10"^ 

Note:  Parameter  Values  Listed  in  the  Categories  A-A,  A-G,  I-N  and 

Composite  for  Stress  Intensity  Factor  Range 

Kth  K < are  Taken  from  Table  4-IV. 
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% 

lao 

1^0 

120 

120 

120 

120 

110 

110 

no 

no 

no 

no 

100 

100 

100 

100 

100 

100 

90 

90 

90 

90 

90 

90 

60 

80 

60 

80 

80 

80 


SENSITIVITY  OF  X,  C,  CCAat*)''' “ TO  DIFFERENT  CONSTANT 

AMPLITUDE  LOADINGS  Cb=2,  = -0.15,  rJ^^  = 0.45, 

°LIM  = 


:x/b 


^min 

% 

R 

^1/b 
{Ao“)  1 

(ksi) 

c 

A 

b 

CCAo*^) 

as 

.4 

29.00 

3,340 

.6818Hfc*O0 

.51004F-03 

36 

.3 

33.60 

3.326 

.492a9e-08 

,58776E-05 

2a 

.2 

58.40 

3.312 

.37540E-08 

.66305E-03 

12 

.1 

U3,20 

3.297 

.29797E-08 

.73SblE-03 

0 

.0 

40.00 

5.260 

.24575E-0H 

.80374E-05 

12 

-.1 

92.90 

3.274 

.20099t-08 

.97769E-05 

aa 

.4 

26.40 

3.360 

.b5010E-Oe 

.398U1E-0 

33 

.3 

30.80 

5.350 

.46391E-08 

.44967E-0 

22 

,2 

5'5.20 

3.340 

,34849E-oe 

.50958E-0 

1 1 

.1 

39.60 

3.330 

,27219E-08 

.96aiaE-0 

0 

.0 

44.00 

3.319 

.21946E-09 

.62516E-0 

1 1 

1 

48 . 40 

3.308 

.18141E-08 

,68042E-0 

40 

30 

20 

10 

0 

■10 


36 

27 

19 

9 

0 

-9 


.3 
.2 
. 1 
.0 

'.1 


.4 
.3 
.2 
.1 
.0 
>.  1 


24.00 

5.376 

.6272aE-08 

.2e608E-03 

28.00 

3.369 

.44321E-08 

.33234E-03 

32,00 

3.361 

,32957E-08 

.37798E-03 

36.00 

5.354 

.25a73E-08 

,42290£-03 

ttO.OO 

3,547 

.20292E-08 

.46718E-03 

44.00 

3.340 

. 16570E-08 

.5t04bE-03 

21  .60 

3,388 

.61059E-08 

.20265E-O3 

25.20 

3,383 

.42857E-08 

,23609E-03 

29.80 

3.378 

.31632E-08 

.269a4E-05 

32.40 

3.373 

,24252E-06 

.30214E-03 

36.00 

3.368 

. 191b6E-08 

,33461E-03 

39.60 

3.365 

.15515E-08 

,36666E-03 

32 

.4 

19.20 

3.397 

.59891E-08 

. I3709e-03 

2 a 

.3 

22.40 

3.394 

.41829E-0B 

. 16005E-03 

16 

.2 

25.60 

3.391 

.3071 lE-08 

.18291E-03 

a 

.1 

28.80 

3.387 

.23412E-08 

.20564E-03 

0 

.0 

32.0  0 

3.384 

. ie396E-oe 

.22e24E-03 

-a 

-.1 

35,20 

3.381 

. 14805E-08 

,25069E-03 
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TABLE  26.  SENSITIVITY  OF  A,  C,  TO  DIFFERENT  CONSTANT 

AMPLITUDE  LOADINGS  (b»2,  R"  = -0.15,  R^,t  = 0.45, 

0 = 40  KSI)  (CONT) 


a 

max 

0 . ^ 
min 

R 

b i/b 
{Ao°) 

\ 

r* 

h-X/b 

1 

% 

(ksi) 

A 

C(A0“) 

70 

2 a 

.U 

3.«0u 

.59051t-0B 

.«7hl  7F.-()U 

70 

21 

.i 

t*».60 

3.<»0^ 

.ul  1O6E-O0 

. lOauuK-O^ 

70 

\a 

3.a0O 

,30073E-08 

.n724f-03 

70 

7 

. 1 

?'y,20 

3.390 

.?2H51f -08 

. 13^0-?E-03 

70 

0 

,0 

2».00 

3.396 

. 1 787afc-0« 

. lU677t-03 

70 

-7 

-.1 

30. »0 

3.39« 

. ia3?3E-0« 

. 1614 JE-03 

i>0 

2a 

.4 

14.40 

3.409 

.Se473e-0« 

.b2044E-04 

bO 

la 

.3 

16.60 

3,406 

,40652E-08 

.6091  1F.-04 

60 

12 

19.20 

3,407 

.2961 7E-0H 

.6979SE-04 

60 

6 

. 1 

21.60 

3.406 

.2245»f -00 

. 76676e-04 

60 

0 

.0 

24.00 

5.405 

. 1 751 7E-O0 

,07575E-O4 

60 

-6 

-.1 

26.40 

3.403 

. 14004E-08 

.964  1 41E-04 

bO 

20 

.4 

12.00 

3.415 

.570aoE-O0 

.20O3iE-O4 

so 

!S 

.3 

14.00 

3.413 

.4020Sh-06 

.326iue-f>u 

so 

10 

.2 

16.00 

3.411 

.29374E-0« 

, 376046-04 

50 

5 

. 1 
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TABLE  26.  SENSITIVITY  OF  A,  C,  TO  DIFFERENT  CONSTANT 

.WLITUDE  LOADINGS  (6=2,  = -0,15,  = 0.45, 

40  KSI)  (CONCL) 


(Ao^) 

(ksi) 

X 

c 

, A / JJ 

C(AtJ°) 

Air-tO'-Air  (A-A) 

14-800 

3.320 

9.691  X lO'® 

7.454  X 10“"^ 

Air-to-Ground  (A-G) 

13-750 

3.390 

5.161  X lO"® 

3.726  X lO'"* 

Instrumentation 
and  Navigation  (I-N) 

9,344 

3.545 

1.564  X lo'® 

4.312  X lO”^ 

Composite 

i 

14-350 

3.363 

6.935  X lO"® 

5.396  X lO"'* 

Note:  Paramter  Values  Listed  in  the  Categories  A-A,  A-G,  I-N  and 

Composite  for  Stress  Intensity  Factor  Range 

K„„  < K < K__  are  taken  from  Table  4-V. 

TH  XO 


TABLE  27.  SIfIPLIFIED  FLIGHT  SPECTRA  (FiaTIE  129) 


Test  No. 
Rockwell 
Inter. 

Case 

Number 

a 

max 

(ksi) 

a . 

min 

(ksi) 

a ' - 
min 

(ksi) 

”l 
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25 
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M - 61 
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-2 
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25 
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18 

-4 
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20 
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II 

14 

-4 

4 

20 
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10 

-4 

4 

20 
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14 

-2 

4 

10 

Instrumentation 

& Navigation 

II 

12 

-2 

4 

10 

I'  - 63 

III 

10 

-2 

4 

10 

IV 

9 1 

-2 

4 

10 

V 

8 

-2 

3 

6 

I 

20 

-3 

4 

22 

Composite 

M - 64 

II 

15 

-3 

4 

22 

III 

10 

-3 

4 

22 

2SI 


TABU:  28.  SIMPLIFIED  FLiafT  SPECTRA  (FIGURE  130) 
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TABLE  30.  PARAMETERS  X,  C.  ANl)  C(Aob)^/^  (O’, = 20  KSI, 

SPECTRA  FROM  TABLE  27) 


4-» 

JZ 

CT 

'H 

(H 

'T 

m 

Ln 

aO 

in 

in 

1 

J 

1 

1 

1 

1 

1 

1 

1 

1 

1 

r 

1 

1 

o 

o 

o 

o 

o 

O 

O 

O 

O 

o 

o 

o 

o 

o 

13 

N. 

'V 

rH 

1— 1 

rH 

rH 

iH 

rH 

rH 

iH 

rH 

rH 

rH 

rH 

rH 

rH 

<sj  c 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Um 

jjQ 

II  ^ 

f- 

0^ 

o 

cn 

CN 

CN 

(JA 

OA 

in 

rH 

rH 

1 D 

r- 

1 ^ 

o 

rH 

rH 

lO 

AO 

vo 

in 

o 

1 <3 

JZ\ 

CN 

CM 

GO 

CD 

AO 

n 

00 

00 

m 

00 

O 

■'^ 

C 

• 

4 

4 

4 

4 

p 

4 

4 

■ 

4 

4 

• 

• 

u 

<N 

rs* 

in 

cn 

Hf 

rH 

rH 

in 

n 

o 

\ 

CD 

O 

in 

i-H 

tn 

cn 

<V 

m 

tn 

in 

aO 

rsi 

n 

4 

* 

4 

4 

l-O 

*»n 

kO 

rH 

aO 

o 

\0 

D 

II  u> 

1 — 1 

rH 

rH 

rH 

t <] 

X 

JZ 

^ r- 

CJ> 

GO 

1 

cn 

1 

CD 

00 

1 

CO 

CO 

a^ 

CO 

OA 

o 

o 

o 

o 

o 

1 

o 

f 

o 

O 

1 

o 

1 

o 

1 ^ 
o 

1 

o 

1 

o 

1 

o 

iH 

rH 

rH 

rH 

rH 

rH 

fH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

tJ 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

CN 

CN 

00 

cn 

0% 

lO 

AO 

rH 

rH 

rH 

GO 

in 

in 

o 

OA 

rH 

1 — i 

00 

iH 

rH 

o 

o 

CD 

GO 

<N 

CN 

CN 

AO 

kD 

in 

rH 

* 

• 

• 

» 

■ 

4 

m 

» 

* 

4 

* 

• 

■ 

« 

fH 

f-H 

rH 

CD 

CN 

CO 

00 

00 

CN 

AO 

CTi 

<j^ 

Tt 

C^ 

CD 

r- 

o 

o 

G\ 

CN 

fNl 

CN 

UD 

00 

rH 

o 

o 

rH 

rH 

AO 

in 

no 

r< 

iHl 

iH 

CN 

CN 

Lfl 

CN 

ON 

m 

rf 

(Jl 

4 

* 

« 

■ 

'■ 

■ 

4 

4 

4 

4 

« 

■ 

■ 

f 

ro 

fO 

ro 

rn 

m 

cn 

cn 

m 

m 

X 

U 

u 

£h 

M 

x; 

+-> 

’H 

v|| 

V 

V 

0) 

d 

0) 

ix:  1 

lx 

0) 

d 

V 

c 

>H 

X 

E-* 

w 

o 

cu 

-u 

)m| 

o 

x^ 

xn,. 

x^  ,X^ 

X4^ 

X4^ 

XXB^ 

x^ 

4J 

flS 

r-| 

tN 

p-H 

CN 

cn 

rH 

CN 

m 

rH  CN 

r> 

rH 

CN 

m 

f™+ 

CN 

03 

Du 

Wi' 

“ 

lu 

(U 

<V 

(0 

H 

H 

M 

hH 

aj 

3 

M 

M 

M 

M 

M 

M 

U 

M 

l-H 

o ^ 

Z Q)  * 

^ U 
M <1) 
CO  U JJ 


fN 

kD 

} 


254 


TAJ1L13  30.  PARAHliTURS  X,  C,  AND 

Ii)AD  SPliCTRA  PROfl  TABLH  27)  CCONT) 
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TABLE  30.  PARAMETERS  X,  C,  AND  fa,  = 20  KSI 

liOAD  SPECTRA  FROM  TABLE  27)  (CONCL) 
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TABLII  31.  PARAMhTERS  X,  C,  ANl)  C(Aob)^/^  (^LIM  " 

LOAD  SPECTRA  ERai  TABLI;  28) 
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TABLE  31.  PARAfUn’ERS  X,  C,  AND  C(Acib)^^^  °l  TM  " 

mAD  SPECTRA  FRa^  TABLE  28)  (CONF) 
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IX)AJ)  SPI  CTRA  FRCW  TAJiU;  28)  fCOrJT) 
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TABLE  31.  PARAME'I’ERS  X,  C,  AND  Oj  jj,  = 20  KSI, 

LOAD  SPECTRA  FROM  TABLE  28)  (CONCL) 
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TABU-:  52.  FARAMETI-RS  X,  C,  (Aflb)Vb  ^ (<f.  ..  = 20  KSI, 
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TABLE  32.  PARAf-lETERS  X,  C,  AND  ^^LIM  " 

LOAD  SPECTRA  FROM  TABLE  29)  (CONCL) 
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TAiiLI-  33.  SIMPiJHirn  FLTQn’  SPECIE  (NEl*/  VALUES 
OP  MATElUAl.  (DNSTAm'S') 
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TABLE  34.  PAIWOTTERS  A,  C,  AND  C(A(T^)^/^  ESTIMATED  PER  FLiafT  FOR  Slfil’LTFIFD 

LOAD  SPECTRA 
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TABLE  35.  STMI’LIEH'D  FLiaiT  SPECTRA  (TRANSPORT  AIRCRAIT) 
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TABU:  35.  Sim^LIFIliT  FLIOrT  SPECTRA  (TRANSPORT  AIRCRAFT)  (CONCL) 
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TABLE  36.  PAIWIETERS  X,  C,  AND  C(Aa^)^^^  = ^0  KSI)  (CONT) 
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TABI.Ii  37.  liQUIVALIWl'  SIMPLIFIl'D  RIOfT  SPECTRA  FOR  TRANSPOR'f  AIRCRAFT  » 20  KSI) 
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TABLH  38.  PARAMETERS  X,  C,  AND  CCAo^)^'^^  ESTIMATED  PER  GTCLE  TO  DIFFERENT  MISSION 

SECJ^ENTS  (a,  ,,,  « 20  KSI) 

LIM 


a> 

rH 

0 

u 

^D  'D 

1 1 

xD 

r-  00 

00 

10 

o o o 

O O 

O 

1 1 

o o 

1 

o 

o o 

O 

'N. 

^ ^ rH 

rH  rH 

rH 

rH  rH 

rH 

rH  rH 

H 

^ fN 

^ X X 

K 

X 

X 

X X 

X 

X 

X 

X 

'H 

1-Q  \\ 

rsi  a>  in 

0> 

CTi  ETv 

o 

00  ^ 

00 

^ \D 

m itO 

m 

m in 

in 

^ o 

o 

( < J3I 

CM  GO 

iD  'T 

m 

fr>  .^3* 

in 

GO 

ox 

c 

u 

'iH 

r-t  n (N 

tJV  (H 

rH 

H GO 

fM 

4 

1 8 

r' 

XI 

f—i 

m 

nH 

in 

GO 

CN 

cr^ 

€N 

O 

O 

Ixt 

’H 

fM 

in 

(N 

D II 

cn 

* 

* 

■ 

<3 

MP 

CN 

in 

XI 

o o 

O 

H 

o 

o 

r-l  0^  iH 

rH  <Ji 

<TI 

rH  0^ 

rH 

rH  0> 

o> 

coo 

*o 

o 

1 1 
o o 

1 

o 

'o  *o 

o 

rH  ^ rH 

rH  rH 

H 

H rH 

rH 

rH  rH 

rH 

XXX 

X X 

X 

X 

X 

X 

X 

X 

X 

U 

rH  O ^jO 

fn  rH 

QO 

r'  fn 

00 

en 

(N  00  Tf 

rsi 

in 

in  o 

in  m 

H 

ro  ^ O 

iH 

<T 

fN  <N 

rn 

in  ID 

r- 

n fN 

m <N 

H 

0^  '«T 

(N 

ID  IN 

rH 

00  in  rH 

m HT 

10 

m H 

CTv 

a>  o 

00 

nj  ID  o 

rH  CD 

^ <N 

<JV  H 

rH 

\D  rH 

XD 

n ^ 

fn 

H in 

in  ^ 

m fn 

fn 

00  n 

m 

in  1^ 

n 

3:  u u 

^ H H 

^ 

■P 

V||  V V 

(/} 

c cu 

1 ^ 1 

(U  CT> 

P C 

V 

C (TJ 

M ce: 

Eh 

m M 

yj  0 

0)  p 

M u 

.r«i.  .A  At 

An  An. 

An 

At  An 

At 

Ann  Ant 

Ant 

P fO 

rH  CN  m 

rH  (N 

m 

H rsl 

n 

H C>J 

m 

to  Pu 

ttA 

CTI 

c 

<u 

p 

An 

An 

*iH 

flj 

2 

At 

An 

An 

yi 

Q 

A J 

H 

M 

> 

9 

^4 

H M 

M 

< 

H 

E 

FH 

a 

‘ntA 

H 

0 

nnA 

£ 

w 

TJ 

0 

0 

cu  E 

<3} 

£ 

C 

OJ 

u 

tn  0 

CG 

0 

<u 

td 

tn 

0) 

m 'O 

<0 

T3 

U1 

IX 

fO 

e 

a. 

o c 

a 

e 

nj 

O 

0 

U 

T3 

c 

5 

273 
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TABLH  40.  ESXrMA'FED  VALUES  OF  u,  A,  C,  AND  C(Aab//*^  FOR  AVERAGE  S’FRESS  RATIO  R CAI.CULATED  BY 
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TABLi;  41.  I’ABAMmiiHS  A,  C,  AND  fiSTIMATKD  PHR  CYCLE  FOR  DIFFI-RJ-m'  MISSION 

SE(]MENTS  (a,  =20  KSI , WITH  NEW  CONSTAMl'S) 
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FOR  niFPFRENT  INITIAL  CIIACK  SIZH  cq  (WITH  NFIV  CONSTAWI’S) 
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TABLK  43.  ESTIMATED  VALUES  OF  w,  X,  C,  AND  C(Aob)^/^  FOR  AVERAGE  STRESS  RATIO  R CALCULATED  BY 

SEVERAL  DIFFERENT  METHODS  OVTTH  NEW  CONSTAM’S) 
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TABLE  44.  SENSITIVITY  OF  TRANSITION  PAKAMETERS  ct  AND  n' 
ON  ESTIMATION  OF  A,  C AND  C(Aob)^/^  (b=2) 


Number  of 

Transition 

Cycles 

Modification  Factors 
for  Transition 

Cycles 

— L/b 
(4o°) 

C 

— E 

CiAu  ) 

in"^  /lii/Flight 

n* 

Rise 

^1 

Fall 

b = 2 

1 

1-2 

1-6 

2-0 

0,0 

0-8 

0,8 

5.143 

3,798 

3,793 

3-794 

4-716  X I0~l 
4-868  X 10  ® 
4,942  X 10" 

2-369  X 10“^ 
2-425  X 10”^ 
2-469  X 10‘- 

3 

1-2 

1,6 

2.0 

0,8 

0-8 

0-8 

5-143 

3-798 

3-784 

3.789 

4.797  X 10“p 
5.256  X 10"“ 
5.473  X 10~ 

2-412  X lO^l 
2-579  X 10“^ 
2.711  X lO"^ 

5 

1-2 

1-6 

0-8 

0-8 

5.143 

3,799 

3-776 

4.878  X 10^0 
5.641  X 10~° 

2.454  X lO'c 
2.733  X 10~^ 

2-0 

0-8 

3,784 

6.014  X lO" 

2.952  X 10*^ 

TABLE  45.  METHODOLOGY  DEVELOFflENT  TESTING  PROGRAM 
GROUP'  I - CONSTANT  AMPLITUDE  LOAD 


Test 

So. 

Applied  Base  Load 

Comments 

Loading 

Profile 

1 u 
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max 
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a , 
min 
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jM-5 
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^ da/dn  at  high  AK  j 
! range , R = 0 ] 

— - .J 
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L 

! 

M-6 

i 

1 

0 

amaa  1 

1 

' 12 

da/dn  at  high  AK  | 
range f R = 0,3 

M-7 

1 

1 1 

\ 1 

/ ^ — ■ — * — ■ — ■—  1 

1 

28 

da/dn  at  high  AK 

ranae^  R = 0-7 

1 

' 40 

1 

1 M-8 

1 

1 

1 

•1 

'"r 

MmK 

40 

^4 

da/dn  of  negative 
stress  ratio  at 
high  AK  range 

i 

M-lol 

1 

' VVn  U' 

40 

-12 

da/dn  of  negative 
stress  ratio  at  high 
AK  range,  R = ^0,3 
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TABLE  46.  PARAMETERS  X,  C,  AND  ESTIMATED  PER  FLIGHT  FOR 

CONSTANT  AMPLITUDE  LOAD  SPEaRA  lIM  = 


TEST  NO.  ■ g^RESS  INTENSITY 
ROCKWELL  ! p actor  RANGE 

INTER.  ; 

[ 

X ' 

1 

c 

— 1/b 
(Ao^) 

b * 2 

(KSI) 

—b 

C(Ao  ) 

b = 2 

in  ^/in/Flight 

1 i 

M - 5 

"th  ‘ ■'ic 

3*550  j 

1.056  li  lO"^ 

40.00 

5.149  X lO""^ 

j 1 

‘ M - 6 

1 . ' 

(2) 

1 

3.601  1 

J 

1.542  X 10“^ 

28-00 

2,506  X lO"^ 

' M - 7 

(2> 

'' -| 

3.636 

1 -9 

4-879  X 10 

L2*00 

4.094  X lo"^ 

M - 8 

(2) 

3*540 

8.593  X 10"^° 

o 

o 

5.645  X lO"'* 

M - 10 

(2) 

3.518 

6.077  X 10“^® 

52.00 

6.604  X lO"^ 
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TABLE  47.  RATIO  OF  FLIGKTS  PREDICTED  BY  THEORY  AND 
EXPERIMENT  AT  THE  LARGEST  CRACK  SIZE 
MEASURED  (CONSTANT  AMPLITUDE  SPECTRA) 


Test  No. 

Rockwell 

International 

thr^  exp 

“lim  = « "SI 

M - 5 

0.662 

M - 6 

0.979 

M - 7 

0.841 

M - 8 

1.864 

M - 10 

2.908 

TABLE  48.  RATIO  OF  FLIGHTS  TO  FAILURE  PREDICTED  BY 

THEORY  AND  EXPERIMENT  (RANDOM  LOAD  SPECTRA) 


TEST  NO. 
ROCKV7ELL 
INTERNATIONAL 

DESIGN  LIMIT 

STRESS,  o. 

LIM 

KSI 

N..U  /N 
thr  exp 

AIR-TO-AIR 

M - 82 

30 

1.10 

M - 83 

40 

1.31 

AIR-TO-GROUND 

M - 85 

30 

0.99 

M - 86 

40 

1 

0.92 

1 

INSTRUMENTATIO^ 
AND  NAVIGATION 

M - 88 

30 

1.01 

M - 89 

40 

1 

0.80 

COMPOSITE 

M - 90 

20 

1.70 

M - 91 

30 

1.34 

M - 92 

40 

1.44 
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TABLE  49.  RATIO  OF  FLIGHTS  TO  FAILURE  PREDICTED  BY  THEORY 
AND  EXPERIMENT  (SIMPLIFIED  LOAD  SPECTRA) 


TEST  NO. 
ROCKWELL 
INTERNATIONAL 

DESIGN  LIMIT 

STRESS,  a__„ 
LIM 

KSI 

N^.  /N 
thr  exp 

M - 61a 

30 

1.33 

M - 61 

40 

1.23 

M - 62a 

30 

1.19 

M - 62 

40 

1.34 

M - 63a 

30 

1.26 

M - 64b 

20 

1.40 

M - 64a 

30 

1.39 

M - 64 

40 

1.27 

M - 69a 

30 

1.44 

M - 70a 

30 

1.44 

M - 72b 

20 

1.57 

M - 72a 

30 

1.61 

M - 72 

40 

1.39 

M - 77a 

30 

1.21 
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TABLE  50.  CRACK  LIFE  PREDICTION  ANALYSIS  AND  TEST  RESULTS 


TEST  NO. 

ROCKWELL 

INTER. 

CRACK  LIFE 

(FLIGHTS) 

REMARKS 

TEST 

ANALYSIS 

M - 82 

2259 

2490 

RANDOM  SPECTRA 

AIR-TO-AIR 

^LIM  = 

M - 6 

1693 

(1815) 

2245 

(2486) 

CONSTANT  AMPLITUDE 

‘^LIM  = 30  KSI 

M - 61a 

1 

2083 

(1876) 

2770 

(2495) 

s; 

1 

EMPLIFIED  SPECTRA 

/VVW*y 

"lih  = 

M - 69a 

2090 

(1727) 

3001 

(2480) 

s 

0 

IMPLIFIED  SPECTRA 

/\/\/yvw\ 

■’lh  = 

M - 77a 

1820 

(2045) 

2203 

(2475) 

c: 

n 

IMPLIFIED  SPECTRA 

u 

^^LIM  " 3o\a  KSI 

M - 83 

717 

939 

RANDOM  SPECTRA 

air-to-air 

“lim  = 
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TABLE  50.  CRACK  LIFE  PREDICTION  ANALYSIS  AND  TEST  RESULTS  (CONT) 


CRACK 

: LIFE 

(FLIGHTS) 

TEST 

ANALYSIS 

TEST  NO. 
ROCKWELL 
INTER. 


M - 8 


469 

(439) 


1001 

(937) 


RE^IAPKS 


CONSTANT  AMPLITUDE 


Olim  = 40  KSI 


SIMPLIFIED  SPECTRA 


M - 61 


727 

(765) 


891 

(938) 


/ww^ 


*^LIM 


SIMPLIFIED  SPECTRA 


M*-69 


489 

(992) 


M*-77 


561 

(1033) 


M - 85 


3288 


3259 


RANDOM  SPECTRA 
AIR-TO-GROUND 
= 30  KSI 

LlM 


SIMPLIFIED  SPECTRA 


M - 62a 


2481 

(2726) 


2462 

(3255) 


LIM 


= 30  KSI 
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TABLE  SO.  CRACK  LIFE  PREDICTION  ANALYSIS  AND  TEST  RESULTS  (CONT) 


TEST  NO. 

ROCKWELL 

INTER. 

CRACK  LIFE 

(FLIGHTS) 

TEST 

ANALYSIS 

M - 70a 

4237 

(2598) 

6179 

(3745) 

i 

1 

M - 86 

1920 

1 

! 

[ 

1769 

J 

1 

i 

M - 6 


1693 

(1330) 


M - 62 


1183 
' (1329) 


M*-70 


1141 

(2420) 


M - 88 


63,497 


REMARKS 


SIMPLIFIED  SPECTRA 


2245 

(1768) 


CONSTANT  AMPLITUDE 

'Jttm  = 40  KSI 
LIM 


SIMPLIFIED  SPECTRA 


1580 

(1775) 


/WV\A 


a__„  = 40  KSI 
LIM 


"lIM  = KSI 


RANDOM  SPECTRA 
AIR-TO-GROUND 
= 40  KSI 

LIM 


SIMPLIFIED  SPECTRA 


63,825 


RANDOM  SPECTRA 
INSTRUMENTATION  AND 
NAVIGATION 
0,.,^  = 30  KSI 


28S 


TABLE  50.  CRACK  LIFE  PREDICTION  ANALYSIS  AND  TEST  RESULTS  fCONT) 


TEST  NO. 

ROCKWELL 

INTER. 

CRACK  LIFE 

(FLIGHTS) 

; 

REMARKS 

TEST 

ANALYSIS 

n - 72  b 

11,888 

(9,587) 

18,650 

(15,040) 

SI 

0 

MPLIFIED  SPECTRA 

'“lim  = 20  Vsi 

M - 91 

2518 

3369 

RANDOM  SPECTRA 

COMPOSITE 

'^LIM  = 

M - 6 

1693 

(2542) 

2245 

(3370) 

CONSTANT  AMPLITUDE 

a, = 30  KSI 

IjIM 

! M - 64a 

2223 

(2416) 

3092 

(3361) 

SI 

MPLIFIED  SPECTRA 

^AW\ 

1 

i L 

“lim  ' 20  Kai 

M - 72a 

1 

1668  i 

(2138)  ' 

1 

1 

i 

2637  1 

(3445)  j 

1 

SI 

0 

MPLIFIED  SPECTRA 

' = 3o'  KSI 

LIM 

H - 92 

1 

375 

^ i 

1256 

RA.NDOM  SPECTRA 

COMPOSITE 

^lim  = 
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TABLE  SO.  CRACK  LIFE  PREDICTION  .ANALYSIS  AND  TEST  RESULTS  CCOrm 


TEST  NO. 

ROCKWELL 

INTER. 

CRACK  LIFE 

(FLIGHTS)  ! 

RE?1ARKS 

i 

TEST 

ANALYSIS 

M - 63a 

30,520 

(50,816) 

38,441 

(64,004) 

i 

j 

SIl 

0 

MPLIFIED  SPECTRA 

/VVVV\ 

°L1M  = 1 

M - 89 

26,750 

i 

21,519  ! 

i 

1 

i 

1 

1 

RANDOM  SPECTRA  ! 

INSTRUMENTATION  AND  ! 

NAVTOATION  j 

“lim  = 

M*-63 

6,563 

(25,279) 

i 

j 

s: 

:MPLIFIED  SPECTRA  j 

/WW^ 

"lim  - « "S" 

1 

M - 90  ! 

1 

1 

1 

1 

! 8886 

j 

1 

1 

15,150 

! RANDOM  SPECTRA 

i 

j COMPOSITE 

j '^LIM  = 20  KSI 

M - 7 

14,870 

(16,449) 

13,935 

(15,414) 

J 

CONS'T’ANT  AMPLITUDE 

<^LIM  “ 20  KSI 

M - 64b 

14,240 

(10,789) 

19,941 

(15,107) 

s: 

0 

:MPLIFIED  SPECTRA 

/vm 

“lim  * 
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TABLE  50.  CRACK  LIFE  PREDICTION  .ANALYSIS  AND  TEST  RESULTS  (CONCL) 


TEST  NO. 

ROCW^LL 

INTER . 

CRACK  LIFE 

(FLIGHTS) 

REMARKS 

TEST 

ANALYSIS 

M - 5 

846 

(972) 

784 

(901) 

CONSTANT  AMPLITUDE 

= 40  KSI 

LIM 

M - 64 

i 

i 

775 

(994) 

988 

(1267) 

SI 

0 

IMPLIFIED  SPECTRA 

/VVW\ 

“lim  = “O  ■'S" 

M - 72 

679 

(905) 

947 

(1263) 

SI 

0 

IMPLIFIED  SPECTRA 

' a.  _^  = 40  'kSI 

LIM 
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APPENDIX  A 

BASELINE  CRACK  GROimi  TEST 
DATA  SOURCE  DESCRIPTIONS 
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BOEING  2219-T851  ALUMINUM  ALLOY  BASELINE  CRACK  GROWTH  RATE  DATA  GENERATION 

testing 


DATA  SOURCE  NUMBER 
B-2219-BOEING-1 

GENERAL  DESCRIPTION 

1.  Report  number:  AFFDL-TR-74-47t^^ 

2.  Title:  "Fracture  and  Fatigue  Crack  Growth  Behavior  of  Surface  Flaw 
and  Flai^fs  Originating  at  Fastener  Holes" 

3.  Authors:  Hall,  L.  R. , Shah,  R.  C. , and  Enstrom,  W.  L. 

4.  Performing  organization:  Boeing  Aerospace  Company,  Seattle, 
Washington 

5.  Sponsoring  agency;  USAF  Flight  Dynamics  Laboratory,  Wright -Patterson 
Air  Force  Base,  Dayton,  Ohio  45433 


TEST  DESCRIPTION 

1.  Type  of  test  - Fatigue  crack  growth  tests,  conducted  to  develop 
baseline  crack  growth  rate  data  for  use  in  evaluating  other  test 
results 

2.  Test  machine  - Not  given 

3.  Loading  condition  - Constant-amplitude  cyclic  loading,  uniaxial 
tens ion 

4.  Stress  ratios  - R=  0.1,  0.3,  0.5 

5.  Test  environment  - Room  temperature,  desiccated  air 

6.  Test  frequency  - 1 Hz 


SPECIMEN  DESCRIPTION 

1.  Material  - 2219-T851  aluminum  alloy. 

2.  Specimen  dimensions:  27.0  inches  long,  9.0  inches  wide,  0.45  inch 
thick  at  test  section,  1 inch  thick  at  gripping  area. 
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3.  Tensile  properties: 


Grain 

TYS 

TUS 

Elong 

RA 

E 

properties 

Cksi) 

(ksi) 

(%) 

(ksi) 

Long 

52.6 

66.1 

16 

28 

Trans 

51.3 

66.3 

15 

25 

4.  Flaw  preparation  - Crack  starters  were  introduced  using  an  electric 
discharge  machine,  kerosene  dialectric,  and  0.06 -inch -thick  circular 
electrodes - 


5.  Precracking  - Peak  cyclic  stresses,  10  ksi;  stress  ratio,  0.06; 
c>'clic  frequency,  30  Ht. 
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GRUNMAN  2219-T851  ALUMINUM  ALLOY  BASELINE  CRACK  GROWTH  RATE  DATA  GENERATION 

TESTING  

DATA  SOURCE  NUMBER 
B-2219-GRUNWAN-1 

GENERAL  DESCRIPTION 

1.  Report  number:  AFFDL-TR-74-129^^^ 

2.  Title:  "Crack  Growth  Analysis  for  Arbitrary  Spectrum  Loading," 

Vol  I and  II 

3.  Authors:  Bell,  P.  D. , and  Creager,  M. 

4.  Performing  organization:  Grumman  Aerospace  Corporation,  Bethpage, 
New  York  11714 

5.  Sponsoring  agency:  USAF  Flight  Dynamic  Laboratory,  Wright -Patterson 
Air  Force  Base,  Dayton,  Ohio  45433 


TEST  DESCRIPTION 

1.  Type  of  test  - Fatigue  crack  growth  test  to  characterize  the  steady- 
state  crack  growth  behavior 

2.  Test  apparatus  - Closed- loop  servo -hydraulic  testing  machines 

3.  Loading  condition  - Constant -amplitude  cyclic  loading,  uniaxial 
tension 

4.  Stress  ratios  - R = 0.05,  0.1,  0.3,  0.5,  0.7,  -0.3,  -1 

5.  Test  environment  - Room  temperature,  laboratory  air 

6.  Test  frequency  - Exceed  1 Hz 

SPECINEN  DESCRIPTION 

1.  Material  - 2219-T851  aluminum  alloy 
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Tensile  properties: 


Grain 

direction 


TVS  TOS  Elong  RA  E 

Cksil  (ksi)  (%)  (%)  [ksil 


54.7 


66.9 


10.3 


Specimen  configuration  and  dimensions; 

a.  Center- cracked  panel:  36.0  inches  long,  6.0  inches  wide,  and 
0.25  inch  thick  at  test  section 

b.  Compact  tension  specimens 

[1)  .^STM  configuration 

W = 2.5  or  2.2  inches 
H/W  =0.6 
d/W  =0.25 

(2)  Grumman  configuration 


W = 2.5  inches 


H/W  =0.95 


d/W  = 0.6 


c.  Flavor  preparation  - Not  given 

d.  Precracking  - All  specimens  were  precracked 
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BOEING  Ti-6AL-4V(3A  TITANim  ALLOY  BASELINE  CPACK-GROOTH  RATE  DATA  GENFRATTON 

TESTING  ^ 

DATA  SOURCE  NUMBER 

B-Ti-6-4{jA'BOEING-l 

GENERAL  DESCRIPTION 

1.  Report  number:  AFFDL-TR-74-47® 

2.  Title:  "Fracture  and  Fatigue  Crack  .Growth  Behavior  of  Surface 
Flaws  and  Flaws  Originating  at  Fastener  Holes,"  Vol  I and  II. 

3.  Authors:  Hall,  L.R. , Shah,  R.C. , and  Engstrom,  W.L. 

4.  Performing  organization:  The  Boeing  Aerospace  Company,  Seattle, 
Washington 

5.  Sponsoring  agency:  USAF  Flight  Dynamics  Laboratory,  Wright - 
Patterson  Air  Force  Base,  Dayton,  Ohio  45433 

TEST  DESCRIPTION 

1.  Type  of  test  - Fatigue  crack -grovifth  tests,  conducted  to  develop 
baseline  crack- growth  rate  data  for  use  in  evaluating  other 
test  results 

2.  Test  machine  - Not  given 

3.  Loading  condition  - Constant -amplitude  cyclic  loading,  uniaxial 
tens ion 

4.  Stress  ratios  - R = 0.1,  0.3,  0.5 

5.  Test  environment  - Room  temperature,  desiccated  air 

6.  Test  frequency  - 1 Hz 
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SPECDEN  DESCRIPTION 


1,  Material  - Ti-6A1-4V  beta- annealed  titanium  alloy 

Z.  Specimen  dimensions:  27,0  inches  long,  6.0  or  4.25  inches  wide, 
0.60  inch  thick. 

3.  Tensile  properties: 


Grain 

TVS 

TUS 

Elong 

RA 

E 

direction 

(ksi) 

(ksi) 

C’O 

W 

(ksi) 

Long 

125.3 

138.4 

16 

26 

Trans 

128,0 

158.6 

16 

25 

4.  Flaw  preparation  - Crack  starters  were  introduced  using  an  electric 
discharge  machine,  kerosene  dielectric,  and  0.06- inch- thick  circular 
electrodes 

5.  Precracking  - Peak  cyclic  stresses,  10  ksi;  stress  ratio,  0.06; 
cyclic  frequency,  30  Hz 
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GRUMMAN  Ti-6A1-4V  MILL- ANNEALED  TITANIUM  ALLOY  BASELINE  CRACK  GROWTi  RATE  DATA 

GENERATION  TESTING 

DATA  SOURCE  NUMBER 

B-Ti- 6- 4*MA*GRUNMAN- 1 

GENERAL  DESCRIPTION 

1.  Report  number:  AFFDL-TR-74-129(^^ 

2.  Title:  "Crack  Growth  Analysis  for  Arbitrary  Spectrum  Loading," 

Vol.  I and  Vol.  II. 

3.  Authors:  Bell,  P.D. , and  Creager,  M. 

4.  Performing  organization:  Grumman  Aerospace  Corporation, 

Bethpage,  New  York  11714 

5.  Sponsoring  agency:  USAF  Flight  Dynamic  Laboratory,  Wright - 
Patterson  Air  Force  Base,  Dayton,  Ohio  45433 

TEST  DESCRIPTION 

1.  Type  of  test  - Fatigue  crack  grovrth  test  to  characterize  the  steady- 
state  crack  growth  behavior 

2.  Test  apparatus  - Closed-loop  servo -hydraulic  testing  machines 

3.  Loading  condition  - Constant- amplitude  cyclic  loading,  uniaxial  tension 

4.  Stress  ratios  - R=  0.01,  0.05,  0.3,  0.5,  0.7,  -1.0 

5.  Test  environment  - Room  temperature,  laboratory  air 

6.  Test  frequency  ~ Exceed  1 Hz 
SPECIMEN  DESCRIPTION 

1.  Material  - Ti-6A1-4V  mill-annealed  titanium  alloy 

2.  Tensile  properties: 


Thickness 

TYS 

TUS 

Elong 

RA 

E 

(in.) 

(ksi) 

(ksi) 

(%) 

111 

(ksi) 

1/4 

130.0 

132.6 

17.8 

3/4 

135.3 

137.6 

12.6 
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5,  Specimen  configuration  and  dimensions: 


a.  Center-cracked  panel:  36.0  inches  long,  6.0  inches  wide, 
and  0.29  inch  thick  at  test  section 

b.  Compact  tension  specimens 

1.  ASTM  configuration 

W = 2.5  or  2.2  inches 
H/IV  = 0.6 
d/W  =0,25 

2.  Grumman  configuration 

W = 2.5  inches 
H/W  =0.95 
d/W  = 0.6 

4.  Flaw  preparation  - not  given 

5.  Precracking  - all  specimens  were  precracked 


298 


BOEING  9Ni-4co-0.2C  STEEL  ALLOY  BASELINE  CRACK  GROWTH  RATE  DATA  GENERATION 

TESTING " 

DATA  SOURCE  NUMBER 

B-HP9-4- 20- BOEING- 1 

GENRAL  DESCRIPTION 

1.  Report  number:  AFFDL-TR-74-47^^^ 

2.  Title:  "Fracture  and  Fatigue  Crack  Growth  Behavior  of  Surface  Flaws 
and  Flaws  Originating  at  Fastener  Holes,"  Vol  I and  II 

3.  Authors:  Hall,  L.R. , Shah,  R.C. , and  Engstrom,  W. L. 

4.  Performing  organization;  The  Boeing  Aerospace  Company,  Seattle, 
Washington 

5.  Sponsoring  agency:  USAF  Flight  Dynamics  Laboratory,  Wright - 
Patterson  Air  Force  Base,  Dayton,  Ohio  45433 

TEST  DESCRIPTION 

1.  Type  of  test  - Fatigue  crack- growth  tests,  conducted  to  develop  base- 
line crack- growth  rate  data  for  use  in  evaluating  other  test  results 

2.  Test  machine  - Not  given 

3.  Loading  condition  - Const ant -amplitude  cyclic  loading,  uniaxial 
tension 

4.  Stress  ratios  - R = 0.1,  0.3,  0.5 

5.  Test  environment  - Room  temperature,  desiccated  air 

6.  Test  frequency  - 1 Hz 

SPECIMEN  DESCRIPTION 

1.  Material  - HP  9Ni-4Co-0.2C  steel  alloy 

2.  Specimen  dimensions:  27.0  inches  long,  5.5,  4.25,  4.0  inches  wide, 
0.5  inch  thick 
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5.  Tensile  properties: 


Grain 

TYS 

TUS 

Elong 

114 

E 

Direction 

(ksi) 

(ksi) 

(%) 

('.) 

(ksi) 

Long 

185.5 

203.2 

25 

56 

Trans 

186.6 

203.5 

23 

55 

4.  Flaw  preparation  - Crack  starters  were  introduced  using  an  electric 
discharge  machine,  kerosene  dielectric,  and  0. 06- inch- thick  circular 
electrodes 

5.  Precracking  - Peak  cyclic  stresses,  25-30  ksi;  stress  ratio,  0.06; 
cyclic  frequency,  30  Hz 
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.<U>PENDIX  B 

VARIABLE  LOADING  CRACK  GROIOI  TEST 
DATA  SOURCE  DESCRIPTIONS 
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GRU>MAN  2219-T851  ALUMINUM  ALLOY  VARIABLE-.WLITUDE  LOAD  TESTING 


DATA  SOURCE  NUMBER 

V-2219-GRUNMAN 

GENERAL  DESCRIPTION 

1.  Report:  AFFDL-TR- 74-129 

2-  Title:  "Crack  Growth  Analysis  for  Arbitrary  Spectrum  Loading,"  Vol  I 
and  II 

3.  Authors:  Bell,  P.D.,  and  Creager,  M. 

4.  Performing  organization:  Grumman  Aerospace  Corporation,  Bethpaee, 

New  York  11714 

5.  Sponsoring  agency:  USAF  Flight  Dynamic  Laboratory,  Wright -Patters on 
Air  Force  Base,  Dayton,  Ohio  45433 

TEST  DESCRIPTION 

1.  Type  of  test:  Fatigue  crack  growth  test  to  study  the  load  interaction 
effects 

2.  Test  apparatus:  Closed-loop  servo  hydraulic  testing  machines 

5.  Loading  condition:  Variable-amplitude  cyclic  loading,  uniaxial 
tension 

4.  Test  environment:  Room  temperature,  laboratory  air 

5.  Test  frequency:  Exceed  1 Hz 

SPECINEN  DESCRIPTION 

1.  Material:  2219-T851  aluminum  alloy 


Tensile  properties: 


Grain 

TYS 

TUS 

El  one 

RA 

E 

direct ion 

(ksi] 

(ksi) 

ti) 

ill 

fksi) 

54.7 

66.9 

10.5 

3.  Specimen  configuration  and  dimensions: 

a.  Center -cracked  panel:  36  inches  long,  6 inches  wide,  and  0.25 
inch  thick  at  test  section 


303 


b.  Conpact  tension  specimens 


(1)  ASTM  configuration 

W = 2.5  or  2.2  inches 
H/W  =0.6 
d/W  = 0.25 

(2)  Grumman  configuration 

W = 2.5  inches 
H/W  = 0.95 
d/W  * 0.6 

4.  Flaw  preparation:  Not  given 

5.  Precracking:  All  specimens  were  precracked 
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GRUNMAN  Ti-6A1'4V  MILL-ANNEALED  TITANIUM  ALLOY  V.ARLABLE- AMPLITUDE  LOAD  TESTING 


DATA  SOURCE  NUMBER 

V-Ti-6-4-MA-GRlM4AN 

GENERAL  DESCRIPTION 

1.  Report:  AFFDL-TR-74-129 

2.  Title:  "Crack  Growth  Analysis  for  Arbitrary  Spectrum  Loading," 

Vol  I and  II 

3.  Authors:  Bell,  P.D. , and  Creager,  M. 

4.  Performing  organization:  Grunman  Aerospace  Corporation,  Bethpage, 

New  York  11714 

5.  Sponsoring  agency:  USAF  Flight  Dynamic  Laboratory,  Wright -Patterson 
Air  Force  Base,  Dayton,  Ohio  45433 

TEST  DESCRIPTION 

1.  Type  of  test:  Fatigue  crack  growth  test  to  study  the  load  interaction 
effects 

2.  Test  apparatus:  Closed-loop  servo  hydraulic  testing  machines 

3.  Loading  condition:  Variable-ajiplitude  cyclic  loading,  uniaxial 
tension 

4.  Test  environment:  Room  temperature,  laboratory  air 

5.  Test  frequency:  Exceed  1 Hz 

SPECINEN  DESCRIPTION 

1.  Material:  Ti-6A1-4V  mill -annealed  titanium  alloy 


Tensile  properties: 


Thickness 

TYS 

TUS 

Elong 

RA 

E 

(in.) 

tksi) 

[ksi] 

% 

(ksi;) 

1/4 

130.0 

132.6 

17.8 

3/4 

135.3 

137.6 

12.6 
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3.  Specimen  configuration  and  dimensions: 


a.  Center- cracked  panel:  36  inches  long,  6 inches  wide,  and  0.29 
inch  thick  at  test  section 

b.  Compact  tension  specimens 

(1)  ASTM  configuration 

W = 2.5  or  2.2  inches 
H/W  =0.6 
d/W  - 0.25 

(2)  Grumman  configuration 

W - 2.5  inches 
H/W  - 0.95 
d/W  = 0.06 

4.  Flaw  preparation:  Not  given 

5.  Precracking:  All  specimens  were  precracked 
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ROCKIVELL  HP  9Ni-4Co-0.2C  STEEL  ALLOY  VARIABLE -AMPLITUDE  LOAD  TESTING 


DATA  SOURCE  NUMBER 

V-HP-9- 4- 20- ROCKWELL 

GENERAL  DESCRIPTION 

1.  Report:  NA- 75-675 

2.  Title:  "Summary  Report  of  the  B-1  Fracture  Mechanics  Analysis  Verifi- 
cation Test  Program" 

3.  Author:  Stolpestad,  J.H. 

4.  Performing  organization:  Rockwell  International  Corporation,  B-1 
Division,  Los  Angeles,  California  90009 

5.  Sponsoring  agency:  USAF  Aeronautical  System  Division 

TEST  DESCRIPTION 

1.  Type  of  test:  Fatigue  crack  growth  test  to  develop  analytical  predic- 
tion methodology 

2.  Test  apparatus:  Closed- loop  servo  hydraulic  testing  machines 

3.  Loading  condition;  Flight -by- flight  spectrum  loading,  uniaxial 
tension 

4.  Test  environment:  Room  temperature,  laboratory  air  or  sump  tank  water 

5.  Test  frequency;  0.1  to  5 Hz 

SPECIMEN  DESCRIPTION 

1.  Nbterial : HP  9Ni-4Co-0.2C  steel  alloy 

2.  Tensile  properties: 


TVS 

TUS 

Elong 

R.-\ 

E 

(ksi) 

(ksi) 

n)_ 

(ksi) 

180 

190 

15 

65 

29  X 10 
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3.  Specimen  configuration  and  dimensions: 

a.  Part- through -crack  specimen:  36  inches  long,  4 inches  wide,  and 
0.5  inch  thick  at  test  section 

4.  Flap  preparation:  Electrical  discharge  machining 

5.  Precracking:  All  specimens  were  precracked  by  bending 
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.APPENDIX  C 

PHASE  I METHODOLOGY  DEVHLOPNfENT 
TESTING  PROGRAM 
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TABLE  C-1.  NffiTHODOLOGY  DEVELOPMENT  TESTING  PROGRAM  GROUP  I - 

CONSTANT-AMPLITUDE  LOAD 


Test 

No. 

Applied  Base  Load 

Over  - / under 
load  / load 

"ii 

Cycle 

Comnents 

Loading 

Profile 

*^Max 

Ksi 

*^Min 

Ksi 

'^'Max 

Ksi 

: *^Min 
Ksi 

Cycle 

M-1 

0 

m\ 

8 

0 

da/dn  at  low  iiK 
range,  R = 0 

M-2 

0 

8 

2.4 

da/dn  at  low  M 
range,  R * 0.3 

M-3 

8 

-8 

da/dn  at  r = -i 

M-4 

J 

I ^ 

tXX/ 

8 

-2,4 

da/dn  of  negative 
stress  ratio  at 
low  AK  range 

N'/' 

mr 

M-S 

J 

‘"r 

40 

0 

da/dn  at  high  AK 
range,  R = 0 

m 

w\ 

M-6 

AWV\ 

40 

12 

da/dn  at  high  AK 
range,  R = 0.3 

M-7 

40 

23 

da/dn  at  high  AK 
range,  R “ 0."' 

u 

M-8 

V 

40 

-4 

da/dn  of  negative 
stress  ratio  at 
high  AK  range 

M-9 

0 ^ 

I 

8 

-O.S 

da/dn  of  negative 

stress  ratio  at 

low  aK  range,  R = -0.1 

mu 

M-10 

20 

da/dn  of  negative 
stress  ratio  at  high 

AK  range,  R * -b. 3 
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TmE  C-2.  ^ETHODOLOGY  DEVELOPMENT  TESTING  PROGRAM  GROUP  II  - 
SINGLE  OR  PERIODICAL  OVERLOAD/CCMP  LOAD 


Test 

No. 

Applied 

Base  Load 

Overload/ 

Underload 

^1 

Cycle 

1— 1 

1—  y 

u 

Comments 

Loading 

Profile 

*^Max 

Ksi 

‘^lin 

Ksi 

‘^Max 

Ksi 

"Min 

Ksi 

M-11 

n 

"i  A "" 
/Wv  Vw\ 

20 

0 

30 

0 

2,500 

To 

failure 

Single  over- load 
effect 

U 

M-12 

20 

0 

30 

0 

2,500 

2,500 

Periodically  applied 
single  load  effect, 
Rj.0.R^^  = 1.5 

M-13 

20 

0 

45 

0 

2,500 

2,500 

Periodically  applied 
single  load  effect. 

M-14 

0 

20 

6 

40 

6 

2,500 

2,500 

Periodically  applied 
single  load  effect, 

Rj  = 0.3,  = 2 

M-15 

V2S3(  \ 

30 

21 

40 

21 

2,500 

2,500 

Periodically  applied 
single  load  effect, 

Rj  = 0.7,  - 1.33 

M-16 

J 

Ni 

ywv  A?w\/ 

20 

0 

20 

-6.0 

2,500 

2,500 

Periodically  applied 
comp  load  effect 

'^l  = 0 

V V 

M-17 

0 

N N 

20 

6 

20 

-6.0 

2,500 

2,500 

Periodically  applied 
conTD  load  effect 

Rj  = 0.3 

M- 18 

/'^\/  \/ 

40 

28 

40 

-12 

2,500 

2,500 

Periodically  applied 
comp  load  effect 
= 0.7 

V V 

M-19 

0 

20 

0 

30 

-6.0 

2,500 

To 

failure 

Single  overload/ 
comp  load  effect 

Rl  - 0.  . 1.5 

T.ABLE  C-2.  METHODOLOGY  DEVELOPNENT  TESTING  PROGRAM  GROUP  II  - 
SINGLE  OR  PERIODICAL  OVERLOAD/COMP  LOAD  (CONT] 
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T.\BLE  C-2.  METHODOLOGY  DE\"ELOPME.NT  TESTING  PROGRAM  GROUP  II 
SINGLE  OR  PERIODICAL  OVmO.AD/CCMP  LO.AD  fCONGL) 


Test 

No. 

Applied  Base  Load 

Overload/ 

Underload 

Cycle 

N 

II 

Cycle 

Comments 

Loading 

Profile 

‘^Max 

Ksi 

‘^Min 

Ksi 

*^Max 

Ksi 

‘^Min 

Ksi 

M-29 

0 

u 

^li 

\ 

20 

-6 

40 

-15 

2 , 500 

2,500 

Periodically  applied 
tens  ion -comp  overload 
effect,  higher  stress 

W 1 

^TT  T y 

\ 

M-30 

0 

i 

20 

-6 

40 

-15 

2,500  j 

2,500 

Period*  ally  applied 
comp-tension  overload 
effect 
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T.^LE  C-3.  METl-DDOLOGY  DEmOPMEYT  TESTING  PROGRAM  GROUP  III 

I'lULTIPLE  OVERLOAD/UNT)ERLOAD 


Test 

N'o. 

Loading 

Profile 

STEP  I 

■STEP  IT 

"I 

C>"c  1 e 

^'ll 

Cycle 

Comments 

Max 

Ksi 

Min 

Ksi 

Max 

Ksi 

Min 

Ksi 

M-31 

0 

'll 

SB 

3 

0 

20 

0 

10,000 

To 

failure 

Underload  effect, 
low  stress  level 

M-5: 

MZWV 

20 

0 

40 

0 

5,000 

To 

fa i lure 

Underload  effect, 
high  stress  level 

M-S-i 

0^ 

N 

[1 

/y\ 

8 

2,4 

20 

2.4 

10,000 

Jo 

fa i lure 

Underload  effect, 
low  stress  level 

[±A 

20 

b 

40 

12 

5,000 

To 

failure 

Underload  effect, 
high  stress  level 

M-3S 

2./ 

"ii 

ffl 

8 

(J 

20 

14  ] 

10,000 

To 

fa  i lure 

Underload  effect, 
two 'level  .'Stress 
ratioi^,  low  strc;^; 

\ 

n L 

W/V 

20 

0 

40 

28 

3,000 

To 

fa i lure 

Underload  effect, 
his^h  stress  level 

it 

M-5^ 

0 

i/iA 

8 

-2.4 

20 

0 

10,000 

'Jo 

fa i lure 

Comp /tens ion  load 
effect , 

low  stress  level 

M-5S 

IvVW  * ' ^ , 

20 

40 

U 

5,000 

To 

fa  il  lire 

Underload  effect, 
stress  level 

'n 

11 

20 

0 

5,000 

lo 

fa i lure 

Comp  - comp- load 
effect , 

low  stress  level 

M‘40 

V 

0 

-12 

4U 

U 

.5,000 

To 

l"a  i lure 

Comp-comp  load 
effect,  iugfi 
stress  level 

TABLE  C-3.  '1ETH0D0L0GY  OBTLOPfENT  TESTING  PROGRAM  GROLfP  III 
MULTIPLE  OVERLO‘\D/UNDERLO.AD  (CONT) 


Test 

No. 

Loading 

Profile 

STEP  I 

STEP  TI 

•'ii 

C>-cle 

Comments 

Max 

Ksi 

Min 

Ksi 

Max 

Ksi 

Min 

Ksi 

T 

Cycle 

M-41 

Q 

^’n 

\»,m 

-5 

-6 

20 

10 

SOO 

To 

failure 

Comp -comp  load 
effect  j 

.'1-4: 

KsJ 

-3 

-i: 

:o 

10 

5,000 

To 

fail  Lire 

Comp -comp  load 
effect 

M-45 

0 

'‘I  , 

30 

0 

:o 

0 

500 

To 

fa i lure 

Multiple  load 
retardation , 

R = 0 

Sf-44 

/.VVw\M 

40 

0 

20 

0 

SOO 

To 

fai lure 

Multiple  load 
retardat ion , 

R = 0 

0 

N 

aam./a 

50 

9 

20 

b 

3,370 

To 

, allure 

Multiple  load 
retardat ion , 

R = 0,3 

M-4b 

r V-V-V  VvVV\ 

40 

i: 

20 

b 

500 

To 

i a i lure 

Multiple  load 
retardat ion , 

R ^ 0,5 

M-4“ 

J 

■'"I 

fMim 

20 

6 

:o 

14 

500 

To 

fa  1 lure 

Stress  rat io 
effect  1 

M’48 

m^u\ 

40 

12 

40 

28 

500 

lo 

fa  i 1 lire 

Stress  ratio 
effect 

M-49  ' 

0 

X]  •''ii 

20 

14 

20 

b 

500 

To 

fai lure 

Stress  ratio 
effect 

M-50 

40 

28 

40 

12 

500 

To 

fail ure 

Stress  ratio 
effect 

M-51 

_1L 

ffl 

8 

0 

:o 

0 

2,500 

500 

Repeat  steps  1 8 2 

M-s: 

20 

0 

40 

0 

500 

50 

Repeat  steps  1 2 

M-53 

_!L 

8 

2.4 

20 

2,4 

2,500 

500 

Repeat  steps  1 u 2 

M-54 

/PWl/l/vTO 

:o 

0 

40 

6 

500 

so 

Repeat  steps  1 8 2 
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T.ABLE  C-3.  NETHODOLOGY  DBELOPNENT  TESTING  PROGRAM  GROUP  III  - 
.'•ULTIPLE  OV'ERLO.AD/UNDERLO.AD  (CONCL) 


1 L'<r 

\o . 

i oju  i n ti 

le 

S iTi>  I 

SITK  II 

Cyc  1 e 

■^11 

Cycle 

Comment  s 

Mnx 

Ks  i 

Min 

Ks  i 

Mjx 

Ksi 

Min 

Ksi 

M-.i  I 

'"ll 

N .0  T 

8 

tj 

:o 

:,5uu 

50 

Rc|)C;it  steps  1 }’i  - 

0 

0 

SO 

ATwl/  im. 

:o 

0 

4U 

0 

2,500 

SO 

Repeat  steps  1 m 2 

^ VJ 

u 

\ 

1) 

-i: 

SO 

M-S‘ 

:o 

0 

0 

-i: 

2,50U 

SO 

Repent  stepj^  I fi  2 

4U 

n 

SO 

w 

M-5.S 

"'im 

:o 

40 

:,:;ou 

SOU 

Repeat  ,<rep>  1^2 

0 

^It 

8 

-:.4 

50 

-2.4 

5.000 

2,SUU 

Repeat  steps  1 fi  2 

''n 

8 

^2.4 

8 

-lb 

2,5(10 

2 , SOU 

Rcix'at  steps  1 6 2 

M-oO 

0 

\jW\j 
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TABLE  C-4.  METHODOLOGY  DE\^LOI^ENT  TESTIN'G  PROGRAM  GROUP  V 
SIMPLIFIED  FLIGHT  SPECTRUM 


G-A-G  Step 

Flight  Step 

Test 

Loading 

%Iax 

‘^Min 

^ Min 

(t” 

Min 

"2 

Coinments 

No. 

Profile 

Ksi 

Ksi 

Ksi 

Ksi 

Cyc  le 

Cycle 

Typical  fighter, 

M-61 

20 

_ 1 

4 

25 

air-to-air 
cr  l-itn  = 40  Ksi  3 

50  Ksi 

M-61a 

15 

-2 

4 

25 

M-b2 

18 

-4 

4 

20 

Tv-pical  fighter, 
air-to-ground 

(JlAm  - 40  Ksi  50 

M-b2a 

14 

•4 

4 

20 

Ksi 

M-63 

14 

_2 

4 

10 

Typical  fighter, 
instrumentation 
and  navigation 
<^Lim  - 40  Ksi  5 30 

M*65a 

U) 

-2 

4 

10 

Ksi 

M'64 

|- « 1 if  Max 

20 

-3 

4 

22 

Typical  fighter, 

/V\M  <7N,i 

IS 

4 

22 

composite  mission 

Nh64b 

0 

/ n \ 

1 10 

- 3 

4 

22 

a Lim  * 40, 50  5 20 

Ksi 

M-65 

ZZ \_  i 

12 

11.5 

153 

Typical  transport 

^Min 

. 5 

M-bb 

lb. 3 

-10.5, 

Ib.l 

133 

Typical  transport 

M-b9 

1 

20 

-2 

5 

8 

20 

40 

T>pical  fighter, 
air-to-air 

M-b9a 

12 

-2 

5 

4 

20 

40 

<TLim  = 40  Ksi  5 3t) 

Ksi 

M-70 

1 

f y- 

\?Min 

18 

-4 

b 

8 

IS 

30 

Typical  fighter, 
air-to-ground 

M-70a 

10 

-4 

3 1 

4 

15 

30 

C [.Lm  = 40  Ksi  5 30 

Ksi 
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TABLE  C-4.  NETHODOLOGY  DEVELOPMENT  TESTING  PROGRAM  GROUP  V 
SIMPLIFIED  FLIGMT  SPECTRUM  (CONCL) 


Test 

No. 

Loading 

Profile 

G-A-G  Step 

Flight  Steps 

"l 

Cyc 

"2 

Cyc 

n, 

Cyc 

Cyc 

Comments 

^Max 

Ksi 

*^Min 

Ksi 

^Min 

Ksi 

nr^ ' 

Min. 

Ksi 

cr’*\ 

Min 

Ksi 

M-71 

ni  n2  c 

^Max 

^"Mir 

^’mIt 

14 

6 

8 

10 

20 

Typical  fighter, 
instrumentation 
and  navigation 

m 

M-72 

19 

-3 

6 

8 

IS 

35 

Typical  fighter, 
composite  mission 
a,  . = 40,50,8  20  K 
Lun 

M-72a 

14 

-3 

4 

6 

15 

55 

M-72b 

t’l  1 

1 

8 

-3 

-> 

3 

15 

35 

M-74 

16.8 

-10.5 

15.4 

16.1 

25 

108 

Typical  transport 

M-77 

^"4  ^Max 

20 

-5 

-1 

6 

8 

2 

4 

IS 

35 

Tv'pical  fighter 

or,  . - 40  Ksi  6 

Lim 

50  Ksi 

M-773 

.n 

-6 

1 

4 

6 

4 

8 

20 

40 

yM 

^ M; 

M-78 

10 

lluT  ' 

W 

18 

-6 

1 

-1 

4 

8 

4 

8 

20 

40 

Typical  fighter 

/a'\ 
o- ' . > 

Min 

<^Min 

n.n,  a.,  . 

:>  4 Max 

f f 

Min 

a' 

Max 

^1 

"2 

'^6 

”^4 

M'79 

nLLJiLi 

m 

iin 

5 

-3.0 

10 

11.5 

5.2 

7 

4 

25 

108 

T>^ical  transport 

1 

WI 

L 

M-80 

Min  , 

(T' 

1 I! 

Min  I 

V (T'l 

Min 

10.8 

- 10. 5 

-4.2 

14 

16. 1 

4.48 

2 

4 

25 

108 

Typical  transport 
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